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1.  INTUODUCTJON 


A  range  of  optical  tccluiiques,  based  on  moir<}  and  speckle,  have  been  developed  at 
Cambridge  for  studies  of  the  deformation,  strength  and  fracture  properties  of 
materials  including  PBXs  and  propellants.  In  some  cases,  these  high  spatially 
sensitive  methods  (micron  resolution)  have  been  combined  with  high  speed 
photograplis  (microsecond  timing  intervals).  A  review  paper  has  been  prepared  for 
the  10th  Detonation  Symposium  and  this  is  given  as  Appendix  1.  Section  2  describes 
a  study  of  the  deformation  of  inert  propellant  grains;  cylinders  with  seven  axial 
holes.  The  grains  were  stressed  to  failure  in  tlu'ee  geometries.  The  optical  technique 
chosen  for  the  study  was  the  "fine  grid"  method.  An  important  advance  was  the 
development  of  methods  to  add  a  fine  grain  grid  to  tlie  surface  of  the  grains  (spatial 
period  ~  00  pm).  The  results  show  the  detailed  deformation,  for  the  whole  viewed 
surface,  up  to  failure.  Section  3  is  concerned  with  fragment  attack  of  propellant 
grains.  A  gas  gun  has  been  used  to  fire  projectiles  of  various  shapes  into  different 
arrays  and  types  of  propellant  grains;  the  whole  proce.ss  is  recorded  w'th  an  image 
converter  camera  at  microsecond  framing  intervals.  The  results  show  the  way  the 
propellant  deforms  and  the  sites  at  which  any  ignition  takes  place.  This  report 
presents  results  on  uncased  propellant.  Appendix  2,  a  preprint  of  a  paper  presented 
at  the  10th  Detonation  Symposium,  gives  results  on  cased  propellant.  Finally, 
section  4  gives  recent  results  obtained  with  our  transparent  anvil  drop-weight 
apparatus.  This  technique  alloivs  high-speed  photographic  recording  of  layers  of 
propellant  or  arrays  of  propellant  grains  being  impacted.  Data  are  presented  for 
four  propellants. 

2.  DIK^KMATION  ()I  INI'UT  PKOI'I  I  I  ANT  GRAINS 
2.1.  Introduction 

The  objective  of  the  work  described  in  thi.s  rejxjrt  was  to  develop  and  apply  a 
suitable  optical  technique  to  detcjrmine  the  in-plane  displacement  fields  associated 
with  the  quasi-static  conqjressive  deformatio  i  of  inert  pro|H'llant  grains  up  to  the 
point  of  failure. 

2.2  Experimen''  \l 

Ihe  proj.K'llaul  ,  rains  are  cylinders  with  typical  dimensions  7.4  mm  i.n  diameter 
by  8.0  mm  in  length  containing  seven  perforalions,  with  diameters  of  about  0.7min 
aligned  parallel  to  the  long  axis  of  the  cylinder,  six  arranged  in  a  hexagonal  array 
together  with  a  perforation  through  the  centre  of  the  grain. 

Individual  grains  were  loaded  in  eompression  between  a  fixed  and  a  moving  brass 
anvil  in  an  Instion  1122  Universal  i. -sting  machine  with  crosshead  .speeds  of  0.0.^)  and 
0.20  mm/iniu.  The  applieil  load  was  measured  with  a  tension/compres.sion  loavlcell 
with  a  maximum  load  capacity  of  500  kg.  In  two  of  the  loading  configurations 
individual  grains  were  compressed  across  their  dinmetcr.s  with  the  three 
;)erf(?rati()n.s  along  tlu'  grain's  diamet(*r  aligned  either  parallel  or  p  rpitndicular  lo 
the  axis  of  lo.uhng.  In  lli'.’  rein,  ining  lonOguration  the  projH'Uanl  grain  was  axially 
split  along  threi-  diametrial  perforations  anti  muiinred  ifli  the  long  axis  vei  lical. 
rrevious  -.vork  has  shown  that  umler  qua.si  daiic  compression  the  grains  deform 
plastically  hefoie  fi.icturing,  Zhe  in  pl.iiu*  dis[)Iaremei\f.s  up  to  the  point  at  whii-h  the 


grain  fractures  arc  quite  largo,  typically  up  to  "  1mm.  In  v'ew  of  these  large 
di.’.placcmcnts,  the  optical  technique  cho.sen  was  based  on  the  "Fine  Grid"  method. 
In  this  tcohivque  a  c.  o.s,s(!d  grating  with  a  suitable  pitch  is  created  on  the  surface  of 
thr;  specinu'u.  Tlu;  defonnation  of  t’no  grating  is  monitored  whilst  tfie  .sample  is 
loaded  and  the  data  obtained  is  then  used  to  determine  the  in-piarve  displacement 
fields.  The  experimental  arrangement  used  to  monitor  the  deforming  grating  and  the 
meth'xis  used  to  process  the  data  are  clescribed  more  fully  ii  section  2.2c. 

2.2a  Specimen  preparation 

A  convenient  method  of  producing  a  crossed  grating  pattern  on  the  siorface  of  a 
propellant  grain  contairring  perforations,  is  by  stenciling  using  a  fine  mesh  A 
stencilled  pattern  was  created  using  a  25  pm  thick  electroformed  nickel  mesh,  with  a 
mark  to  space  ratio  of  1:4  and  spatial  period  of  76.3  pm.  The  surfaces  of  the 
propellant  grains  v/ere  prepared  by  first  hand  grinding  to  prcxiuce  flat  faces  using 
wet  and  dry  paper,  followed  by  polishing  with  a  12  pm  white  ceramic  gril  to  obtain 
a  smooth  surface  free  from  protuberances,  for  example  raised  edges  around  the 
perforations,  as  these  can  produce  gaps  in  the  stencilled  pattern  where  displacement 
data  can  not  be  obtained.  The  split-grain  specimens  v/ere  prepared  in  the  same 
manner,  after  the  griiins  had  been  cut  with  a  diamond  saw.  The  axial  perforations 
through  the  length  of  th(*  cylinder  were  carefully  exposed  in  the  hand  grinding 
process,  followed  by  polishing  as  described  above. 

A  high  contra.st  stencilled  pattern  is  required  if  the  the  lines  of  the  grating  are  to  be 
easily  resolved  by  an  imaging  system.  The  specimen  surface  was  first  sprayed  with  a 
black  liquid  acrylic  paint  through  a  airbrush  photographic  retouching  pen.  After 
allowing  the  paint  to  dry  a  second  layer  was  then  applied,  whilst  the  paint  was  still 
wet  a  small  square  of  the  mesh  is  laid  gently  on  the  specimen  surface,  after  being 
oriented  with  respect  to  the  perforations  with  the  aid  of  a  high  magnification  stereo 
microscope.  The  application  of  the  mesh  to  the  specimen  surface  must  be  done  very 
carefully  in  order  to  avoid  th(!  wet/damp  layer  of  acrylic  paint  flowing  into  the 
spaces  of  the  mesh  and  thereby  blocking  them.  The  purpH>se  of  the  latter  step  was  to 
adhere  tlie  wire  of  th(!  mesh  to  the  SjX'cimcn  surface  in  ord(?r  to  prevent  subsequent 
p  'int  sprayed  through  the  spaces  from  spreading  underneath  the  mesh  and 
d  stroying  the  pattern.  The  sp<‘oiirien  with  the  mesh  in  place  was  then  allowed  to 
dry,  Finally  white  acrylic  paint  was  sprayed  through  the  mt'sh  using  as  fine  a  spray 
as  possible  with  the  airbrush  to  minimise  wetting  the  stencil.  This  process  was 
repoahid  .several  times,  in  which  successive  layers  were  allowed  to  dry  before 
applying  the  next.  When  the  surface  appeared  completely  white  the  mesh  was 
gently  removed  by  lifting  it  away  at  one  cornin.  The  stencilled  pattern  was  then 
ri:vealed  as  white  blocks  of  paint  against  a  black  background. 

2.2b  Photographic  sludie.s 

Initial  experiments  to  test  the  effectiveness  of  the  grating  in  revealing  the 
deformation  of  projH-’liant  grains  under  load,  were  performed  using  a  conventional 
35  muA  camera  system.  An  Olympus  C  tM  2  camera  and  motor  drive,,  together  with  a 
50  mm  F'/3.5  /uiki)  M.u’ro  lens  and  extension  bellows  were  used  to  image  the 
sptfciuren  onto  1'1'4  (iso  125)  black  and  white  film.  Ihe  image  of  the  specimens  were 
magnified  by  typically  2.Hx  for  the  circular  face  eonfig  nations,  and  2.3x  fin  the 
split  grain  coiiliguratiuu.  Photographic  hames  were  recorded,  whilst  the  smuple  was 
neing  loa'led,  with  .uitomatic  expo.sure  after  which  the  film  was  advanced  to  the 


next  frami!  by  the  motor  drive.  Ti\e  specimim  w-as  ilh.  ti  inated  obliquely  with  an 
Olympus  white  light  source.  As  this  light  source  can  produce  significant  heating  at 
the  surface  of  tlu!  object  over  th.e  duration  of  tlu;  <;xperinunit,  a  lush  filter  v.'as  u.‘X‘d  to 
pn.'vent  heating  of  tlu'  .sam])le. 

The  alignment  cf  the  crossed  specimen  grating  with  the  axis  tf  loading  for  the 
circular  face  configuration  was  achieved  by  removing  the  loading  jig  containing  the 
brass  anvils,  from  the  lastron  and  placing  it  under  a  travelling  microscope.  The 
stencilled  surface  of  the  sample  was  then  moistened  by  pressing  against  a  damp 
absorbent  tissue  and  attached  to  a  small  gla,s  plate  vrhere  it  was  held  in  position  by 
surface  tension  forces. 

The  specimen  could  then  be  introduced  into  the  space  between  the  anvils  and  the 
horizontal  grating  lines  aligr\ed  parallel  to  the  fixed  anvil  by  rotating  the  glass  plate 
whilst  being  observed  through  the  travelliitg  microscope.  The  sample  was  then  held 
firmly  in  position  between  the  anvils  by  means  of  a  spring  which  applied  a  sn’al! 
compressive  load  to  the  sample.  The  the  jig  was  then  replaced  in  the  Instron.  Using 
this  mcthtxi  it  was  possible  to  align  thi*  specimen  grating  to  within  an  uncertainty  of 
one  grating  pitch  over  a  sample  diameter,  corresponding  to  an  angular  error  of  ±0.3 
degrees. 

2.3c  Image  procc.ssing  system  studies 

The  method  chosen  to  analyse  the  images  obtained  as  described  is  derived  from  the 
"bine  Grid  Method",  in  commoi\  use  by  engineers.  The  image  of  the  crossed  grating 
described  above  is  used  to  provide  a  series  of  markers,  the  movement  of  which  is 
traced  by  a  computer.  The  computer  can  then  map  the  deformation  across  the  whole 
of  the  surface  of  the  sample. 

The  apparatus  used  is  illustrated  in  figure  2.1.  The  sample  is  loaded  as  before  in  an 
Instron  ten.someter.  A  video  camera  is  arranged  with  suitable  optics  to  record 
images  of  th(!  d<'forniir.g  sainph*.  The  output  from  the  camera  can  be  digitised  on 
demand  at  intervals  to  provide  a  jx'rmanont  record  of  the  specimen  from  time  to 
time.  An  inter-frame  time  of  about  ,30s  was  found  to  be  adequate,  dropping  to  as 
littli!  as  10s  when  the  specimen  begir\s  to  yield  rapidly.  The  output  from  the  load-cell 
of  the  te.sling  machine  is  also  digitisi'd  and  recorded,  but  at  a  frequency  of  once  per 
.second.  The  conipuiiT  in  us<’  is  a  Sun  STAUCstation  II  (20  Mll’t-i,  4.2  Mi-hoi’s),  with 
a  Digital  Imaging  Systems  DIS-3()0t)  frame-grabber,  an  l-HV  P46580  CCD  video 
cnm(?ra,  and  n  liiodata  Microlink  anaiogue-to-digitnl  converter.  hxjx.'riments  have 
b'X'n  carried  out  on  samples  in  configuration:.  I  and  II  of  the  s.unple  (described  in 
section  2.3a),  but  not  of  the  split  grain  geometry,  configuration  MI. 

The  method  chosen  for  the  analy.si.s  uses  a  suite  of  pre-exi.sting  progr.irns  written  in- 
liou.se  h)  perform  various  image-[noc:'ssing  task.s,  as  well  as  several  purposi.’-written 
prog, rams. 

The  images  .ue  processed  according  to  the  following  scheme.  Along  each  axis,  tlu- 
intensity  of  the  inuige  will  vary  as  a  squa»-e  wave  if  the  gratiiig  is  jH-’rfect.  This  can  be 
approximated  as  a  sine  wave  if  necessary.  If  we  plot  a  graph  of  intensity  against 
pixel  location,  along,  s.iy,  a  line  paralli  l  to  the  )  orizonhd  axis,  we  can  reprissent  the 
intensity  v.'dation  as  a  sine-wave.  Thus  we  cc/ukl  use  as  a  measure  of  distance  along 
tills  Mue-wave,  the  "phase"  of  the  wave,  wliich  will  increase  by  2jt  p«’r  grating  pitcf\. 
This  phase  will  then  give  a  measure  uf  position  on  the  surface  nf  fhe  sample  along 
the  line  we  have  been  measuring.  The  same  phase  value  will  always  corresjxmd  to 
tlu'  saau'  ]>()int  on  the  surface  (.'I  the  specimen,  regardless  of  how  tin*  gr.iting 
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dofoims,  so  long  as  it  lerr.ains  rosolvabk*,  and  provided  wr-  always  start  coiinting 
phase  ;,;t  the  samr  places 

Powewer,  in  tlu'  anagc,  each  time  the  phase  increases  past  7.^.,  Hu;  phase-  will  rt'turn 
to  zero.  I'he  phase  is  said  to  he  "wrapped"  on  to  the  space  0  to  7.n.  To  provide  a 
inonolonically  increas'  ig  measure  of  distance  across  the  specimen  surface,  the  pii.isc 
must  be  "unwrapp<id".  TTiis  is  performed  using  algoritiurcs  desaabed  by  Huntley. 

If  we  extend  this  argumciit  to  two  dimensions,  we  can  produce  a  map  of  phase 
i  icreasing  in  the  4x  direction,  and  a  separate  map  of  phase  increasing  in  ine  -ty 
direction.  If  the  sample  deforms,  then  we  can  follow  the  movement  of  every  point  on 
the  specimen  surface  by  locating  a  point  with  identical  x  and  1/  phase  in  a  subsequent 
frame,  and  calculating  the  movement  which  has  occurred  betv^een  the  two  frames. 
Thus  the  deformation  can  be  determined  across  the  whole  specimen  surface. 

The  X  and  y  coniponent.s  are  separated  by  performing  a  two-dimensional  fast- 
Fourier  transform  on  the  image,  and  spatially  filtering  either  the  x  or  the  y 
component  of  the  grating  before  performing  an  inversi}  Fourier  transform,  arid  then 
unwrapping  tl\e  phase  in  each  direction. 

Since  this  method  effectively  counts  every  square  in  the  gratiirg  on  the  specimen 
surface,  it  is  essential  that  the  grating  is  of  very  high  quality.  If  single  blocks  are 
missing,  or  contrast  is  low'  in  some  regions,  the  unwrapping  process  gives 
ambiguous  answers,  and  the  method  fails.  It  is  thus  essential  to  show  that  the 
gratings  in  use  arc  of  adequate  quality. 

i'igure  2.2  show's  a  set  of  six  images  recorded  by  the  computer  during  loading  in 
configuration  I.  Coirsider  the  example  of  frame  (a),  where  the  sample  is  undeformed. 
This  picture  is  produced  from  the  digitised  image.  After  spatial  filtering,  and  pha.se 
unwrapping  the  x  component  of  the  phase,  is  shown  as  a  contour  map  in  figure 
2.3a.  This  can  be  .seen  to  be  composed  of  straight  lines,  stretching  from  phase  0  on 
the  loft  (chosen  arbitrarily)  to  about  600  on  the  right,  corresponding  to  just  under  100 
lines  on  the  specimen  surface.  The  same  procedure  can  be  performed  on  the  y 
ccanponont  of  the  phase,  yielding  a  similar  contour  map,  illustrated  in  figure  2.3b  If 
the  method  is  to  bo  successful,  it  must  also  be  pirssible  to  draw  unambiguous 
unwrapj^K'd  phase  maps  of  the  deformed  specimens  .  Using  frame  (f)  of  figure  2.2, 
the  same  processing  ha.s  been  perform  jd,  to  yield  the  contour  maps  shown  in  figures 
2.3c  and  2.3d.  Here  the  contours  are  curved,  to  mirror  exactly  the  di!foimation  of  the 
grid  on  the  specimen  surfaci'.  There  are  some  discontinuities  ii\  the  contour  maps, 
where  tire  sjaecimen  has  faili'd,  lurwever  this  is  to  be  exfK-cted  in  regioms  dosv.  to 
ti-ars  in  the  spedmi'n  .surfact'. 

The  final  stage  of  writing  a  program  which  v/ill  enable  tin.'  phase  maps  to  be 
followed  from  frame  to  fraint?,  tracking  a  given  x,  y  pair  of  phiist'  values  at  each 
pixel  as  they  move  across  the  image  is  yet  to  be  compU'te'  t  should  then  bt'  possible 
to  rwaluah'  the  in-plane  strain  fields  over  the  whole  .spec  .en  surface.  The  feasibility 
of  the  method,  which  is  critic.illy  dependent  on  bi.’ing  able  to  produce  vr^ry  high 
qui'lity,  high  errntrast  gratings  has  been  amply  demonstrated.  The  additioira! 
strllware  required  is  under  cieviToprnent,  and  is  expected  to  be  completed  :s<H)n. 

The  load-tin\e  curves  produced  from  tlu'se  expr'rimeirts  have  been  recorded.  Two 
such  cur  ves  are  irlolced  in  figure  2.4,  where  the  continuous  line  repue.sents  the  dat.i 
from  an  exiH'rimerrt  with  llu!  sjredmen  aligned  in  I'o.  figuration  I,  ht  whicli  the  Unrd 
was  measuri'd  every  second,  the  discrett!  jHiint;.  are  from  a  second  experiment, 
where  loail  was  measured  at  the  time.s  wdien  an  image  was  digitized.  It  can  t>e  st'ei; 
that  they  ate  in  very  giuul  •.greeirvr'iit  The  U»ad  lime  curve  for  a  sample  loaded  in 


corifiguiation  H  is  showi'  ir-.  figiuo  2.!).  Six  ot  {-ho  in\agcs  rocordod  by  the  compvilei'  in 
this  oxjx'iirnent  are  illustrated  in  figure  2.6. 

?.  t.  lli’Mllfs 

2.3a  Photographic  studies 

A  sequence  of  six  photographic  rrame.s  showing  the  di  orrnation  and  compressive 
failure  of  a  propellant  grain  with  three  perforations  aligned  parallel  to  the  loading 
axis,  configuration  I,  is  shown  in  figure  2.7.  The  initial  sample  dimensiOiXS  were  7.38 
mm  in  diameter  by  8.19  mm  in  leiigtl;.  Photographs  were  recorded  at  F/8.0  with 
automatic  exposures,  as  the  sample  was  loaded  :t  a  constant  rate  of  0.05  mm/min. 
In  this  configuration  all  the  perforations  become  increasingly  distorted  as  the 
loading  continued  and  appeared  initially  to  start  at  the  boundaries  of  the 
peiforations  closest  to  the  anvils,  as  sliowr*  by  the  curvature  of  the  grating  lines  in 
this  region.  As  the  loading  continued,  these  perforations  were  deformed  into 
triangular  shc.ped  holes  with  rounded  vortices,  whereas  the  central  perforation 
became  increasingly  ellipitical  in  shape.  The  remaining  perforations  away  from  the 
loading  axis,  were  distorted  into  ir.creasingly  pear  drop  shaped  holes.  Tlie  comers  of 
the  deformed  perforations  became  sharper  as  the  load  was  slowly  increased  to  a 
maximum  value  of  116  kgs,  corresponding  to  figure  2.7(e),  after  which  the  load 
steadily  decreased  as  the  samf>ie  was  further  compressed.  The  decreasing  load  co¬ 
incided  with  the  onset  of  failure,  which  can  be  clearly  seen  in  figure  2.7(f),  where 
cracking  can  bo  seen  st<irting  from  the  sharp  corner.s  of  the  central  perforation.  In 
addition  there  is  also  evidence  of  shear  failure  along  divections  connecting  the 
corners  of  the  triangular  hc^les  a*,  the  to*.'  and  bottom  of  the  grain  adjacent  to  the  jx’ar 
shaped  holes. 

in  the  second  configuration  three  pi-rforntions  were  aligned  parallel  to  the  hori/.tmtal 
axis.  Tliis  sample  was  again  loaded  at  a  constant  cro.sshead  speed  of  0.5  mm/min.  A 
sequence  of  six  plK)tograph.‘.  showing  the  deformation  and  tailure  is  shown  in  figure 
2.H.  In  this  cv)nfigur,ition,  the  two  outermost  |HTforations  on  the  horizontal  axis 
appear  to  have  remained  almost  unUeforined  ()■  dislorU’d.  as  shown  ii\  figure  2.H(f). 
By  contrast  the  central  perforation  is  distorted  from  a  circular  hole  into  an  almost 
relangular  hole  with  rounded  comers.  This  sample  reached  i  maximum  luadof  H7 
l;g.s,  corre.'i ponding  to  figure  2.H(e),  at  which  point  the  load  decrea.sed  steadily  as  lire 
grain  was  furtb.er  comjn'esscii.  As  in  the  previous  ('xample  the  decreasing  load  co 
incided  Vv^ith  the  oiiset  of  failure.  Close  inspection  of  figure  2.H(e)  show;,  the 
formation  of  shear  craclts  along  the  directions  connei’tinj;  the  top  left  and  bottom 
right  corners  of  the  central  holt;  with  tlu?  adjacent  pear  shaped  holes  located  at  the 
top  h?ft  and  bottom  right  e-f  the  sample.  Thesi’  crai'ks  an?  more  clearly  shown  in 
figure  2.H(f). 

The  deformation  and  compressive  failure  of  a  split  propellant  grain  is  shown  in  the 
,st?quence  of  six  photograjilis  pre.sented  in  tigure  2.9.  f  be  initial  sjx'C'  iU'U.s  wt're  7.'/.'? 
nun  in  lu?ight  L’y  7..3.5  mm  in  uiametei  corresjxmiiing  to  the  uniciaded  grain  shown  in 
figuri*  ?.  9(a).  The  sam.[)le  was  loadeil  at  a  constant  rrnssht;ad  sp<?ed  of  0.05  mm/miu. 
ITtun  the  sequence  it  can  be  .seer,  that  as  the  samjile  is  compressed  tbe  peifor..ihon 
walls  are  b'>ni  oulwartls.  In  luklilion  at  the  mid-poiiat  height  tfie  spacing  of  the 
grating  hues  became  succes.sively  smaller  until  tlicy  could  not  lx> 
resolved.  This  was  partly  due  to  an  init  of  plane  displav:ement  of  the  grain,  however 
..'xaiiiiuatiop  ol  the  .spei  inum  alter  loadii'.g,showi*d  that  trx  reduced  ;.|).u.ing  of  Ou' 
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grating  linen  iit  tlie  rnid-height  was  a  real  ('ffecL  In  contrast  the  .secjiunir^-  shov/s  tliat 
the  grating  appears  to  liave  undergone  relatively  littli;  deformation  iiri mediately 
-.uidonHsath  the  anvils.  At  a  load  of  l.‘i4  kg.s,  eorre.sponding  to  figure  2.9(t),  th<‘  load 
staiteri  din’ieasing  as  th.'.,'  sample?  was  eompres.se'd  As  before',  d?:;;  eo  ine.iclc'ti  wiMi 
the  onset  of  failure  whirl?  in  this  case  occurred  in  the  form  of  axial  cracking  of  the 
grain,  at  the  rear  mid-height  of  the  perforations.  At  failure  the  bulk  compressive 
strain  was  estimated  as  approximately  60%. 

2.4.  Discuss.?  on 

The  results  obtained  to  date  show  that  it  is  possible  produce  crossed  gratings  of 
su.fficiently  high  quality  and  contrast  to  allow  the  defo-mation  of  the  propellant 
grains  up  to  the  point  of  failure  to  be  establi.shed.  The  nhotograpnic  studies  have 
shown  that  there  appear  to  be  regions  within  the  deforming  grain  in  which  the 
material  behaves  in  an  almost  rigid  manner.  Such  regions  appear  to  be  located  in  the 
vicinity  of  the  loading  anvils.  This  is  particularly  evident  in  the  deformation  of  the 
grains  in  the  configuration  II  arrangement,  in  which  the  central  perforation  is 
changed  from  a  circular  into  a  rectangular  hole  as  the  grain  is  compressed.  It  appears 
to  be  possible  to  liken  the  deformation  to  the  inserdon  of  rigid  wedges  into  the  grain 
from  above  and  below  the  grain  where  it  is  in  contact  with  the  anvils.  Such  "dead 
zones"  may  be  typical  of  this  loading  geometry.  The.se  observations  are  common  to 
several  experiments,  not  all  of  which  are  presimtod  here. 

To  date  all  data  relating  to  the  deformation  of  the  grains  has  been  extracted  by  visual 
analysis  cither  of  the  developed  photographs  from  the  photographic  studies,  or  of 
computer-generated  animation  sequences.  Whilst  this  has  given  a  very  gcx>d 
qualitative  insight  into  the  deformation  processes,  the  real  objective  is  to  analy.so 
tlu?.se  pictures  to  obtain  the  in-plane  displacement  fields  by  using  the  fine-grid 
method.  It  has  boon  shown  that  the  gratings  and  optical  arrangement  are  of 
sufficient  quality  U?  allow  the  extraction  of  the  relevant  data.  The  final  processing  of 
this  data  has  not  yet  beeti  achieved,  but  the  principle  has  bt's’n  an\ply  demonstrated. 
I'urther  work  to  produce  animated  .sequences  of  strain  distribution.s  within  the 
defoini.ug  goiin  offius  thi*  pro.spect  of  excellent  results  in  the  very  near  future. 

3.  SlMUIATIM  BU1I.IT  A  ITAC  K  OI  .SO!  U)  <  f!'N  I’KOri  l.i.ANT.S 

3.1  Introduction 

Mvich  re.'a'areh  is  currently  iM'iug  iniderl.ikeii  iiilo  lh(>  hazard  respon.se  t?f  projx'llant 
materials  to  bullet  or  fragment  attack.  Ni/  longer  is  the  explosive  filling  of  a 
munition  considered  to  be  the  only  pait  .sensitive  ti>  accidental  or  intentional 
fr.tgiuent  attack;  tlu*  piopell.ini  i-ouiponent  has  tu'en  found  to  be  similarly 
v\ih»Tai'le.  Uufortim.itelY,  .it  least  from  the  |>oiitl  of  viev/  of  niiniini/.ing  Hazard 
resjiou  es.  jnopeil.iiit  i.‘.  (/.’.s/y/jr;/  to  Imni  and  m.iy  do  .so  afler  a  .stimulus  tliat  will  not 
uidie.e  .uw  response  in  an  explo.'.ive  lillin;.;.  In  gener.d,  the  shock  to-detonatUm 
ti.uv.ilio.n  SI  )T)  IS  le.ss  ot  a  potential  li.izard  with  .onventioiial  gun  pro(X!?llanls  th.in 
h.u'  r.>(i))n;ave  filling;,  though  the  treiul  towards  low  vulnerability  (l.OV'A) 
au’qMi  iihou'i  (or  gun  projM'll  nis  which  ofh'ii  mehidt'  .‘as  imcUnv  high  explosives  a.s 
p.ut  . onstihienis  preveuis  lui;?  iroin  Ireing  an  aiiseition  ihe  concept  behind 
inchuiinv;  explosive.s  in  piupcllant  e»>}uposilion.s  is.  pi'rvcj  sely',  to  reduce  their 
vul.ni'rahility  whil.si  iii'.ioing  siinil.n  or  greater  perlonuance.  'il;c  nssulting 
rompnsiti'Mi;,  c,ui  ta  le.s.s  ,■  eii.iil.ive  to  tmrning  .sliumli  hut,  a;,  the  jnojiorliou  of 
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is  incriMstsd,  the  composition  caa  become  more  susceptible  to  sliimili 
capable  of  puKluring  SDT.  In  addition,  slvould  a  p>i-o{)C'Ilant  charge  u\  the  form  of 
l('a>se  packed  grain;;,  aligned  sticks  or  i:ast  motor  ire  ca.ns(‘(!  to  burn  aci  ifU'ntally,  the 
jdfeci  tnis  ixiay  indtu'i-  in  the'  otlirr  corntionents  i>f  the  munition  may  be  just  as 
calastropbic  as  if  the  high  explosive  itself  had  suffered  an  initialing  stimulus,  lb  a 
large  extent,  the  lower  msceptibility  to  burning  exhibited  by  the  LOVA  propellants 
has  been  the  impetus  behind  this  compositional  research  as  the  common  single, 
double  or  triple  based  propellant  compositions  are  very  vulnerable  under  this  type 
of  unintentional  stimulus. 

Much  of  the  v/ork  now  concentrates  on  designing  the  propellant  material  and  the 
casing  as  a  combination.  Tlus  has  allowed  wcllu:haractorised  proptdlant  materials  to 
be  hazard  tested  and  the  effects  of  casing  changes  easily  discernible. 

The  aim  of  tb.e  experiments  detailed  in  this  report  was  to  compare  the  ignition 
response  of  four  gun  propellants  (though  the  technique  could  be  used  to  assess  the 
impact  response  of  any  type  of  propellant)  to  a  simulated  bullet  attack.  The 
compositions  wore  impacted  to  identify  the  prevalent  ignition  mechanisms  and  the 
subsequent  propagation  of  reaction  using  either  a  sabot-driven  metal  projectile  or  a 
nylon  projectile. 

In  addition  to  single  grain  impacts,  most  of  the  compositions  were  tested  in 
geometric  arrays  repiesenting  one  layer  of  closc-pack(  d  and  one  layer  of  column 
stacked  array.  These  experiments  were  to  determine  the  effect  that  packing  has  on 
the  hazard  response  of  the  material.  Ii\  some  munitions,  the  geometric  packing  of 
the  grains  is  carefully  controlled  (eg.  strand  burning  rocket  motors)  arid  in  others, 
the  propellant  grains  are  allowed  to  adopt  any  orientation. 

Unlike  earlier  work  carried  out  by  the  author  into  sectioned,  ca.sod  i.'xplosive 
charges,  (Ref  Appendix  iii),  the  conipositio:'.s  were  not  cai^-d  as  it  was  thought  that 
there  would  be  considerable  difficulty  in  manufacturing  gtx>d-fit  cases  and  keeping 
the  propellant  quantity  between  tests  uniform.  In  addition,  the  impact  geometry 
would  not  be  so  well  known  since  some  impacts  could  occur  fully  through  rasing 
onto  a  grain,  whilst  others  could  occur  through  the  casing  but  at  the  intersticies 
between  grains  thus  reducing  the  effect  of  the  impact  and  making  the  outcome 
rncchanisticdlly  uncertain. 

The  mechanism.s  envisaged  to  play  a  role  in  the  ignition  of  propellants  which  an* 
uncased  and  subject  to  siuculatcd  bullet  attack  by  projectiles  are  heating  due  h)  rapid 
viscous  tlow  aheail  of  the  projectile,  adiabatic  .shear  band  formation  and,  in  the  ca:a? 
of  the  mulli  cored  propellants  muler  test,  heating  of  the  prrrpi'llant  by  shock  induced 
adiabatic  collap.se  of  the  froles,  Walle)(  and  co  workers  (lf:l^l2),  after  studying  high.- 
speed  photographs  of  the  rapid  defurnration  of  cast  double-based  propellants  under 
drop-weight  impact,  suggested  that  ignition  oci  iin;  tfirough  additive  processes  such 
as  bulk  hcat.ing,  viscous  heating  and  adiabatic  heating  of  gas  trapped  at  the 
periplierics  of  the  specimen  ieailing  to  "luit  spot"  pnHiuction.  i’ong  (1985),  using  a 
llopk  irison  biir  arrangenu'ut,  inv'.vstigated  crack  initiation  in  multi-cored  profiellants 
by  impacting  the  grain.s  side-  and  c*nd-on  and  found  that  single-  and  triple  based 
propellants  were  more  resislai'.t  to  crack  initiation  than  double-basr?d  propellants. 
II  also  suggested  that  thi*  lioJes  were  sites  of  Jocalisi'd  stress.  Coldrein  and  co 
workers  (1W,'1)  also  fou.irl,  by  analysing  c«  ntour  plots  of  in-planc  displacements, 
tual  there  are  .stre.ss  coneentriitions  hrtw(i,i  these  furies.  Work  by  Ikryle  et  uL  (J.989), 
sJiowed  that  b<  ',i  pressno'  and  .sfiear  veUu-ity  have  a  stremg  efh'ct  on  ignition  and 
that  in  their  I'xperiments  on.  a  range  of  explosives  and  proiudlani^;,  tlie  ciHuposite- 
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mtxlifiod,  doubIc>- based  propellant  v/as  by  far  the  most  suseeptible  to  shear  forces 
but  tlu;  least  sensifive  to  shock,  l-urihcr  work  on  ignition  mechanisnas  has  been 
CfUri/'cl  out  by  I  lo  and  Fong  (19fi9)  who  inve.sligated  the  r(!laiion;:hi|>  lx:twt;en  impact 
ignition  sensitivity  anri  th(’  kini'tirs  of  thenxial  decoinp'xsition  :>f  solicJ  jm>p  bants. 
I'hey  suggested  that  two  distinct  mechanisms  arc  involved  in  impact  ignition. 
Firstly,  there  is  an  initiation  step  where  fracture,  visco-elastic /plastic  deformation 
and  cracking  occur  and  are  the  means  by  which  'hot  spots"  are  formed;  the 
mechanical  properties  of  the  propellants  predominate  in  this  step.  Secondly,  there  i.s 
a  flame  propagation  step  which  is  governed  by  several  inter-related  factors  such  a.s 
the  decomposition  kinetics,  thermal  stability  and  burning  rate  of  the  propellant  i.e. 
propellants  with  low  decomposition  temperatures  and  low  activation  energies 
showed  high  ignidon  sensitivities. 

In  this  study,  high-speed  photograpixy  has  beeix  used  to  give  an  insight  into  the 
reactiveness  of  four  types  of  gun  propellant  under  simulaled  bxxllet  attack  aixd  in 
addition  has  compared  solid  gun  propellant  with  that  of  its  nmlti-corcd  equivalents.. 

3.2  Experimental 

The  samples  of  propellant  were  impacted  u.sing  two  types  of  projectile,  (^lee  Table 
3.1)  The  silvcr-slecl  projectiles,  (density  7.8  g  cm'3)  were  sabot-driven  to  allow 
relatively  small  diameter  jxrojectiles  to  be  used  so  that  the  ma.ss  of  propediaixt  was 
kept  to  a  minimum  to  comply  witlx  safety  constraints.  The  sabots  were  made  of 
nylon  666  rod  (dexxj-ity  11  g  cm"^),  with  a  roccs.s  for  the  projectile  at  thx?  front  and 
material  reamed  out  at  tb.:  rear  to  reduce  the  wx'ight  of  the  combination.  The 
projectiles  wore  fired  at  the  target  at  velocities  of  400  to  580  m  S'b  Although  thx' 
sabot  would  im[iact  (be  target  approximately  1.5  |js  after  the  projectile,  it  was  ixot 
expxxcted  to  affect  the  initial  nxechanisrns  that  might  cau.se  ignition  in  thi*  jxrojx-'llant. 
However,  early  high-speed  photographs  Ixxr  this  work  showed  that  the  subsei'juent 
impact  of  the  sabot  had,  in  somx*  cases,  a  considerable  effect  on  the  later  ignition 
rospotxra'  and  it  was  decided  tia  .also  investigate  th'*  effect  of  this  second  shxxrk  xxn  the 
proiH.‘llaxxt  grains.  Nylon  projectiles  were  used  because  of  their  gixxd  impedance 
m.atching  with  the  target  aixd  light  we.ight.  which  permitted  high  impact  velcx’ities  at 
relatively  low  firijig  fxre.ssures.  riic  nyion  pnxjectilx's  were  fired  at  bi'twct.-n  600  and 
72l)xn.s>. 
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*  used  in  JA2  expi’riixxents  only 

Thi-rx'  werii  four  lyjxes  of  experiment  pxvrhxnxxed  on  the  projK-liaixts:- 

(i)  steel  prtijeclile  iuipact  oix  a  .single  grain 

(ii)  xiylou  projei  tile  ,>.nxp.xct  xhx  a  single  grain 

(ixi)  sti'el  projectile  imjxact  on  a  close-packed  airay  of  grains 
(iv)  steel  pnxjeclile  ir'.xjxact  nn  .x  "ctxhuxiued  '  array  I'f  grain.s 


Steel  projectile  experiments 

The  steel  projectile  impact  on  the  arrays  and  single  grains  was  carried  out  on  6  mm 
thick  parallel-faced  cylinders.  Sectioning  and  facing  marks  can  be  seen  on  some  of 
the  materials.  The  grains  were  sandwiched  between  two  10  mm  thick  blocks  of 
polycarbonate  as  shown  in  Figure  3.1.  The  thickness  of  the  propellant  for  the  steel 
projectile  impacts  allowed  the  blocks  to  act  as  sabot-strippers.  The  effect  of  the  sabot 
has  been  discussed  earlier.  Figure  3.1  is  a  picture  of  the  target  arrangement  and 
Figure  3.2,  a  picture  of  the  target  in  the  experimental  set-up. 

Nykm  projectile  experiments 

The  nylon  projectile  impacts  were  carried  out  on  single  grains  of  the  propellants 
which  were  sectioned  to  be  11  mm  thick.  The  dimensions  of  XM43m  (refer  to  Table 
3.2)  prevented  the  single  grain  impacts  from  being  readily  carried  out.  The 
propellant  types,  dimensions  and  geometries  are  detailed  in  Table  3.2  and  are  shown 
for  comparison  in  Figure  3.3. 


Table  3.2.  Type,  dimensions  and  geometries  ofthe  vrovellant. 


Propellant 

Type 

Geometry  tested 

diameter{ 

mml 

JA2 

standard  double 
base 

solid  stick 

8 

XM43 

nitramine  based 

solid  stick 

8 

as 

required 

standard  double 
base 

7  holes 

9 

as 

required 

BSSSli 

nitramine  based 

7  holes 

5 

11 

The  two  multi-cored  propellants  have  been  referred  to  as  JA2m  and  XM43m.  The 
dimensions  of  the  US  and  the  equivalent  multi-cored  propellants  are  not  exactly 
similar  because  in  general,  propellants  are  designed  and  manufactured  with  a 
specific  use  in  mind.  It  was  therefore  very  difficult  to  obtain  multi-cored  propellants 
that  were  exactly  the  same  diameter  as  the  solid  sticks.  The  chemical  compositions  of 
the  US  propellants  and  their  equivalents  are  however  very  similar. 

The  projectiles  were  fired  using  a  helium-driven,  single-stage  gas-gxm  at  pressures  of 
between  20  and  50  bar,  which  produced  velocities  (depending  on  the  projectile  used) 
of  between  400  and  720  m  s*^  The  impacts  were  photographed  using  an  IMACON 
792  image  converter  camera  in  framing  mode,  with  interframe  times  of  either  2  or  5 

•nie  photographs  were  lit  using  Bowen  flashes  and  arrangments  of  front  and  rear 
lighting  as  appropriate.  The  velocity  of  the  projectile  was  measured  by  timing  it 
between  two  laser  beams  a  known  distance  apart.  The  timer  was  connected  to  an 
up-down  counter  which  was  used  to  fire  the  camera  at  the  correct  time,  irrespective 
of  projectile  velocity.  The  experimental  layout  is  presented  schematically  in  Figure 
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3.3  Re-'sulls 

In  iMs  sectioa,  each  materia!  has  been  analysed  in  turn. 

)A2  Gun  pivpellunt 

Under  steel  projectile  impact  of  a  single  grain,  at  up  to  550  m  s*',  this  material  did 
not  ignite  on  penetration  by  the  projectile.  In  a  few  pnotographs  there  is  some 
evidence  of  burning  on  sabot  impact  but  as  most  of  the  prope'Unt  was  retrieved,  if 
in  many  fragments,  bulk  ignition  presumably  did  not  occur. 

For  the  nylon  projectile  impact  at  velocities  up  to  670  ni  s’’,  there  v.'as  no  evidence  of 
ignition. 

These  results  are  interesting  as  they  suggest  that  the  material  is  intrinsically 
insensitive  (o  this  type  of  impact  and  is  also  relatively  irwensitive  if  fractured  (on 
projectile  penetration)  and  then  subsequently  re-shocked  by  the  following  sabot. 

The  results  are  however  significantly  different  for  arrays  of  grains  under  projectile 
attack. 

Fig.  3.5  shows  steel  projectile  (p)  impact  of  a  close-packed  array  of  JA2  at  575  m 
with  impact  occurring  in  frame  1.  The  interframe  time  is  5  |is  and  it  can  be  seen  that 
the  first  impacted  grain  underwent  considerable  deformation  resulting  in  ignition 
ahead  of  the  projectile  and  in  the  surrounding  interstices.  On  sabot  (s)  impact  in 
frame  3,  there  is  further  reaction  which  builds  in  intensity  in  the  subsequent  frames 
until  dying  away  after  35  ps,  frame  8  (not  shown).  Although  there  has  clearly  been 
ignition  in  some  of  the  grains,  propagation  between  all  the  grains  did  not  occur  as 
some  were  recovered  relatively  undamaged.  This  could  be  due  to  the  confinement 
of  the  system  allov/ing  movement  of  the  more  distant  grains  after  apprf  ximately  30 
ps  and  preventing  further  propagation  of  reaction  or  it  could  simply  be  due  to  the 
material  being  fragmented  and  ejected  from  tlae  reaction  zone. 

Figure  3.6  shows  a  close-up  of  steel  projectile  (p)  impact  of  a  close-packed  array  at  a 
faster  framing  rate  with  2  ps  interframe  tin\e.  The  impact  was  at  540  m  S'^,  slower 
than  for  figure  3.5,  and  there  does  not  seem  to  be  ignition  associated  with  projectile 
impact,  though  the  initial  impact  grain  (g)  undergoes  much  plastic  deformation, 
swelling  to  fill  the  interstices.  As  the  grain  boundaries  came  together,  there  was  also 
no  observed  ignition.  Further  experiments  at  between  510  and  570  m  s*’  suggest  tlaat 
this  result  was  on  the  border-line  for  ignition  to  occur  for  this  array  geometry.  In 
othc'  recent  studies  by  the  author  mto  a  different  double-base  composition,  this 
plastic  deformesuon.  to  fill  the  available  space  has  also  been  observed  though  again 
there  was  no  ignition  on  grain  boundary  impact.  There  is  light  ahead  of  the 
projectile  in  frames  4  and  5,  but  further  experiments  and  examination  of  the 
conJfining  jaoly carbonate  blocks  after  the  experiment  has  shown  that  this  is  due  to  tlie 
steel  projectile  scoring  the  blocks  rather  than  ignition  of  the  propellant  itself. 
Ignition  does  occur  in  frame  8  and  the  partly  visible  frames  9  and  10  though  there 
does  not  seem  to  be  bulk  ignition  or  propagation  of  reaction  between  the  profxellant 
grairas.  This  igrrition  is  probably  sabot-impact  associated  as  clearly  the  shock 
imparted  by  the  sabot  into  already  fractured  and  heated  propellant  could  cause 
ignition.  Once  again,  some  grains  were  retrieved  after  the  experiment,  showing  little 
sigr\s  of  damage  and  no  signs  even  of  surface  burning. 

Figiue  3.7  shows  pointed-ended  projectile  (p)  inipact  of  a  close-packed  array  at  550 
m  S’’  and  there  is  no  ignitic.:  associated  with  the  projectile  impact  in  frame  1.  The 
interframe  time  is  5  ps.  It  is  interesting  to  note  that  the  materia-  has  been  sufficiently 
disturbed  and  probably  heated  by  this  inipact  to  ignite  cn  the  following  sabot 
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impact  in  fremes  5  and  6  though  the  ignition  is  neither  as  sustained  nor  as  violent  as 
has  been  observed  with  flat-ended  projectile  impacts  at  the  same  impact  velocity. 
The  sabot  (s)  can  be  seen  to  light  up  in  frame  4,  just  at  the  moment  of  impact  with 
the  blocks.  This  is  probably  caused  by  adiabatic  compression  of  the  a'  trapped 
under  the  sabot  on  impact.  These  intpact  results  suggest  that  the  prof)ellant  is  fairly 
sensitive  after  being  fractured  as  a  pointed-ended  impact  does  not  produce  as  much 
rapid  flow  ahead  of  the  projectile  as  is  the  case  with  a  flat-ended  projectile  impact. 
The  amount  of  viscous  and  shear  heating  experienced  by  the  propellant  is  also 
greatly  reduced.  EarUer  studies  by  the  author  into  cased  explosive  comp>ositions  and 
other  propellants  have  found  that  some  materials  remain  almost  as  insensitive  after 
pointed-ended  projectile  impact  as  the  un-impacted  materia!  and  are  consequently 
unaffected  by  t'le  shock  produced  in  the  material  by  the  following  sabot  impact. 

It  should  be  remembered  that  no  ignition  is  seen  in  the  propellant  for  single  grain 
impacts  with  flat-ended  projectiles  even  on  the  following  sabot  impact  and  that  JA2 
reniains  insensitive  to  faster  nylon  projectile  impact  although  this  should  produce  a 
stronger  shock  in  the  material  than  a  sabot  following  a  projectile. 

Figure  3.8  shows  steel  projectile  (p)  impact  of  a  columned  array  of  JA2  at  540  m  S'^ 
with  a  5  ps  interframe  time.  Although  there  is  projectile  yaw,  causing  the  impact  to 
be  high  in  frame  1,  luminescence  can  immediately  be  seen  in  frame  2.  Jetting  of  the 
material  is  visible  around  the  projectile  and  on  sabor  (s)  impact  i.n  frame  4,  bulk 
ignition  occurs  in  the  interstices  and  in  the  grains  themselves.  In  frame  5,  jetting  (j) 
of  material  can  be  seen  emanating  from  between  two  grains.  In  this  and  other 
exp)eriments  with  these  colunmed  arrays,  little  material  was  recovered  and  there 
were  no  intact  grains. 

}A2m  multi-cored  Cun  Propellant 

Under  steel  projectile  impact  of  a  single  grain  at  up  to  550  m  s'l,  igrution  was 
observ'ed  at  540  m  s'^  and  above.  The  ignition  is  again  sabot-associated;  compression 
of  the  holes  on  projectile  impact  is  observed  but  not  lundnescence.  It  is  |.x)ssible  that 
luminescence  was  missed  because  of  the  5  ps  interframe  time  as  this  type  of  collapse 
is  followed  better  with  a  faster  framing  rate.  On  the  following  sabot  impact, 
adiabatic  compression  of  the  holes  nearest  the  impact  is  observed,  followed  by  rapid 
fracturing  of  the  grain  between  the  holes  and  subsequent  burning  of  the  wbiole 
grain.  No  material  was  recovered. 

Under  the  faster  nylon  projectile  impact  at  up  to  705  m  s’^  ignition  was  observed 
starting  at  the  hole  nearest  the  impacting  projectile  and  leading  to  burning  of  most  of 
the  propellant  grain.  A  small  percentage  of  the  material  was  recovered  after  these 
tests. 

Thes<  results  .suggest  that  although  JA2  and  JA2m  are  compositional ly  very  similar, 
the  geometry  of  the  grain  has  an  important  effect  on  its  seasitivity  to  ignition  under 
projectile  attack.  JA2m  seems  more  sensitive  under  single  grain  impact. 

Sbadies  of  this  material  impacted  in  arrays  also  shov  s  increased  sensitivity  as 
compared  to  standard  JA2. 

Figure  3.9  shows  a  close-packed  array  of  JA2m  undergoing  steel  projectile  (p)  in\pact 
at  520  m  s'h  Impact  occurred  in  frame  1  and  burning  between  the  interstices  can  be 
seen  beginning  in  frame  1  and  increasing  in  frame  2,  5  ps  later.  On  full  sabot  (s) 
impact  in  frame  3,  much  greater  reaction  is  observed  and  luminescence  occurs  ui  the 
hole  (h)  closest  to  the  impact  site  due  to  adiabatic  compre5.sion  of  the  ga^  in  that 
hole.  Ih.;  projectile  does  not  hit  squarely  on  impact  and  it  is  suggested  that  material 
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is  scraptid  or  sheared  off  into  the  interstices  wfiere  it  burns.  This  material  would 
have  absorbed  much  of  the  energy  of  impact  and  could  be  expected  to  have  been 
rapidly  heated  in  the  process.  Ignition  continues  in  the  later  frames  tlrough  some 
material  was  recovered  after  the  test. 

Figure  3.10  shows  a  columned  array  of  JA2m  impacted  by  a  steel  projectile  (p)  at  540 
m  s‘^ .  The  interframe  time  for  this  picture  was  5  ps.  Projectile  impact  occurred  in 
frame  1  and  there  does  not  seem  to  be  ignition  associated  with  this  impact  or  the 
following  sabot  (s)  impact  in  frame  3.  In  frame  5  luminescence  is  observed 
enranating  from  the  holes  (h)  in  the  grain  impacted  first  and  bulk  ignition  has 
occurred  by  frame  6,  increasing  in  intensity  in  the  subsequent  frames.  That  the 
ignition  did  not  seem  to  occur  on  projectile  or  sabot  impact  is  surprising  and  may 
reflect  the  fact  little  material  was  ejected  into  the  interstices  on  projectile  impact  as 
this  jetting  in  other  experiments  has  been  followed  by  intense  burning  ii.  the 
interstices.  There  was  little  material  recovered  after  this  test,  as  might  be  expected 
from  frames  7  and  8. 

JA2m  appears  to  be  more  sensitive  to  projectile  impact  than  its  solid  counterpart  and 
the  differences  in  velocity  of  impact  causing  ignition,  though  not  great  are 
significant.  Ignition  would  not  have  been  expected  in  JA2  at  520  m  s'’  and  the 
thre.shold  for  ignition  in  JA2m  may  indeed  be  somewhat  lower,  perhaps  around  500 
m  s’h 

XM43  Gun  propellant 

On  steel  projectile  impact  of  a  single  grain,  no  ignitions  were  observed  at  vin  to  550 
m  s'l  even  after  a  test  resulting  in  an  oblique  impact.  There  was  considerable  jetting 
on  impact  but  no  evidence  of  burning  of  this  ejected  material  or  any  reaction 
associated  with  the  subsequent  sabot  impact.  The  propellant  grain  was  retrieved 
unbunit  but  shattered. 

The  fa.ster  nylon  projectile  impact  oi  a  single  grain  at  up  to  705  m  s‘'  prixiuced  no 
ignitions  at  an  interframe  time  of  2  ps  and  the  grain  could  bo  seen  to  shatter  under 
impact. 

Figure  3.11  shows  steel  projectile  (p)  impact  of  a  close-packed  array  at  540  m  s'h 
impact  occurred  in  frame  1.  5  ps  later  in  frame  2,  the  interstices  between  the  grains 
can  be  seen  to  be  closing  up,  tlwugh  there  is  little  reaction  associated  with  this 
closure.  Material  can  be  observed  jetting  (j)  backwards.  In  frame  3,  sabot  (s)  impact 
induces  reaction  and  in  frame  4  it  appears  to  be  linked  to  the  grain  boundaries  and 
pHjsitions  of  the  original  interstices.  The  reaction  can  be  seen  to  be  fading  by  frame  5. 
Figure  3.12  shows  steel  projectile  (p)  impact  of  a  columned  array  at  550  m  s'*;  impact 
occurred  in  frame  1.  There  is  no  reaction  associated  with  projectile  or  sabot  (s) 
impacts,  though  material  can  be  seen  to  have  been  injected  into  the  interstices 
between  the  grains  in  frame  4.  The  interframe  time  was  5  ps.  All  of  the  material  was 
recovered  unburned  though  fragmented  after  this  test. 

Fig.  3.13  shows  steel  projectile  impact  of  another  columned  array  at  520  m  s’^with 
impact  of  the  projectile  having  already  occurred  by  frame  1.  The  interframe  time 
was  ps.  Both  frames  1  and  2  show  "feathering"  (f)  around  the  circumference  of 
the  initial  impact  grain  (g)  and  jetting  (j)  of  material  into  the  top  interstice.  Ignition 
asscxriated  with  this  interstice  can  be  seen  in  frames  4  and  5  though  whether  it  is  due 
to  sabot  sh(Kk  promoted.  The  other  interstices  on  closing  can  also  be  seen  to  sustain 
reaction.  Some  of  the  material  w'as  recovered. 
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Although  these  two  results  conflict,  other  tests  around  the  520-550  m  s  i  impact 
velocity  suggest  that  ignition  does  not  usually  occur  at  520  tn  s'l  and  that  this  was  an 
unusual  result.  A.3  more  ma'aria!  than  would  be  expected  after  an  ignition  was 
recovered,  it  suggests  that  propagation  of  reaction  was  not  as  extensive  as  for  the  550 
m  S'’  impact. 

XM43m  multi-cored  Gun  prepeVant 

Single  grain  impacts  with  steel  or  nylon  projectiles  were  not  performed  because  of 
the  size  of  these  propellant  grains. 

This  propellant  was  tested  in  array  form  and  steel  projectile  impact  of  a  close  packed 
array  at  530  m  s'’  resulted  in  bulk  ignition  of  the  material  beginning  with  ejected 
materia!  burning  in  the  interstices  as  seen  before.  Ignition  sites  were  also  associated 
with  the  holes  in  the  propellant. 

Figure  3.14  shows  steel  projectile  (p)  impact  of  a  columned  array  at  530  m  S'h  The 
interframe  time  is  2  ps  and  impact  has  already  occurred  by  frame  1.  Frame  2  is 
interesting  as  it  shows  luminescence  from  a  hole  (h)  in  a  grain  (g2)  that  has  not  been 
physically  impacted  by  eitlier  the  projectile  or  an  adjacent  grain.  This  suggests  that 
the  material  that  has  been  jetted  from  the  imtial  impact  grain  (gi)  into  the  interstices 
has  impacted  that  giain  (g2)  and  caused  adiabatic  heating  of  the  gas  in  the  hole 
causi^'g  it  to  hi.vninesce.  Material  can  be  seen  ejecting  from  the  far  propellant  grains 
(g2  it  g3)  in  frame  3  and  if  there  had  been  a  further  layer,  this  material  jetting  could 
have  caused  a  similar  reaction  in  another  grain.  When  the  sabot  (s)  impacts  in  frame 
4,  the  burning  in  the  interstices  is  already  significant,  so  the  imcial  reaction  was  in 
this  case  completely  due  to  the  projectile.  In  later  frames,  the  jetted  material,  in  later 
frames  spreads  to  the  other  interstices  and  burning  is  clearly  evident. 

3.4  Discussion 

iA2  versus  JA2m 

JA2  is  more  insensitive  to  simulated  bullet  attack  than  its  multi-cored  composition 
JA2m  in  both  single  grain  and  array  impacts.  JA2  exhibits  plastic  deformation  on 
impact,  swelling  to  fill  the  available  space  without  igniting  through  frictional 
heating  on  grain  boundary  contact.  Both  materials  are  sensitive  to  following  sabot 
impact  which  re-shocks  the  material  after  it  has  first  been  disirubed  by  projectile 
impact  and  JA2  is  seasitive  after  pointed-ended  projectile  impact  which  is  perhaps 
surprising  as  the  front-end  geometry  of  that  type  of  projectile  produces  much  less 
damage  in  the  material  in  terms  of  viscous  heating  and  shear  than  a  comparable  flat- 
ended  one.  JA2m,  on  impact,  does  not  appear  to  plastically  deform  to  the  same 
extent  as  JA2  but  the  grains  appear  to  fracture  through  lines  of  weakness  which 
occur  between  the  holes.  Tb  -  holes  themselves  are  susceptible  to  shock  induced 
collapse  causing  adiabatic  compression  of  the  gas  in  the  holes  leading  to  points  of 
ignition. 

Where  light  output  can  be  seen  in  the  interstices  of  the  propellant  grains,  it  is  likely 
that  this  is  due  to  material  having  been  spalled  off  the  grains  during  impact  and 
ejected  into  interstices  wltich  have  been  heated  by  shock  compression.  As  the 
spalled  material  has  a  large  surface  area  to  volume  ratio  with  respect  to  the 
propellant  grain,  it  is  far  more  liKcly  to  ignite  and  evidence  for  this  can  be  observed 
in  many  of  the  pictures.  Indeed,  asymmetric  impacts  which  cause  parts  of  grains  to 
be  sheared  off  and  jetted  into  these  interstices  have  caused  ignition  at  lower 
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velocities  than  would  have  been  expected  for  squarer  impacts.  For  JA2m  with  its 
array  of  holes,  a  similar  spalling  process  could  happen  (on  a  much  smaller  scale)  in 
the  holes  themselves  causing  ignition. 

XM43  versus  XM43Tn 

Not  perhaps  surprisingly  coiasidering  the  results  for  JA2/JA2m,  XM43m  was  found 
to  be  more  sensitive  to  simulated  bullet  attack  than  xjvI43.  For  single  grain  impacts, 
XM43  shattered  but  did  net  ignite.  For  the  array  experiments,  much  jetting  or 
spalling  of  material  into  the  interstices  can  be  seen  for  both  these  materials  with 
following  ignition.  Again,  the  multi-cored  composition  was  more  sensitive  due  to  its 
holes  for  the  reasons  discussed  earlier. 

3.5  Conclusions 

Single  grain  impacts  at  the  velocities  tested  in  these  experiments  do  not  give  an 
insight  into  the  behaviour  of  a  typical  multi-grained,  propellant  charge.  The  results 
of  these  single  grain  impacts  suggest  that  the  two  materials  are  insensitive  to 
projectile  impact  at  tt»ese  velocities  when  this  is  clearly  not  the  case  if  the  materials 
are  tested  in  an  ays. 

Geometric  arrangement  of  the  propellant  has  an  effect  on  its  subsequent  sensitivity 
to  s.imulated  bullet  attack.  It  is  possible  that  close-packed  arrays  are  less  sensitive 
than  columned  arrays  as  material  that  gets  spalled  off  into  the  interstices  can  spread 
further  in  the  larger  interstitial  distance  of  a  columned  array  and  impact  other 
grain(s).  This  typ>e  of  spall  impact,  where  a  physically  unimpacted  grain  is  ignited 
by  spall  from  an  impacted  grain  has  been  observed  photographically.  Burning  of 
this  spalled  material  will  also  occur  because  of  its  very  large  surface  area  to  volume 
ratio  and  because  the  gas  in  the  interstices  have  been  heated  by  shock  compression. 
In  a  close-packed  array,  the  interstitial  distances  are  smaller  by  comparison  and  it  i.s 
suggested  that  although  material  can  be  spalled  into  these  spaces,  ignition  is 
probably  due  mainly  to  the  spalled  material  being  heated  and  burning  on  contact 
with  the  heated  gas  in  the  interstices  rather  than  also  by  spall  impact  onto  another 
grain. 

)^43  fractures  in  a  brittle  manner  under  impact  whereas  JA2  can  deform  plastically. 
XM43  shows  a  greater  tendency  to  spall  and  this  could  be  associated  with  its  lower 
tensile  strength.  XM43  does  however  require  higher  velocities  to  cause  ignition  in 
array  geometries  than  JA2  tf»ough  the  difference  in  velocities  required  between  the 
two  materials  is  not  great.  Both  materials  are  susceptible  to  further  shock 
compression  if  they  have  already  been  damaged  though  JA2  appears  to  be  more 
sensitive  to  this  and  the  subsequent  ignitions  are  more  violent. 

As  has  been  shown,  angled  impacts  can  cause  more  severe  effects  with  array 
geometries  than  squarer  ones.  The  grain  experiences  greater  shear  over  a  smaller 
area  on  impact  and  material  is  jetted  outwards  into  the  interstices  where  it  burns  in 
the  heated  gas  spaces.  '  here  will  always  be  jetting  above  a  certain,  critical  contact 
angle. 

Multi-cored  propellants  are  more  susceptible  to  simulated  bullet  attack  tl\an  their 
solid  equivalents.  They  are  also  more  susceptible  to  shock  compression  without 
immediate  penetration.  The  sites  of  ignition  are  the  holes  but  in  addition,  the 
inclusion  of  an  array  of  holes  appears  to  "build-in"  regior\s  of  weakness  between 
these  holes  which  have  been  shown  to  fail  shortly  after  impact.  It  would  be 
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interesting  to  determine  the  optimum  size  of  hole  that  v/ould  allow  an  increased 
burning  rate  but  not  be  (so)  suceptible  to  shock  compression. 

Appendix  (iii)  summarises  research  into  simulated  fragm.ent  attack  of  cased 
munitions  and  discusses  the  effect  of  the  casing  and  the  casing  material  on  the 
ignition  mechanisms  of  several  different  explosive  compositions. 

4.  DROP-WEIGHT  IMPACT  STUDIES  ON  PROPELLANTS 

High-speed  photographic  sequences  of  the  rapid  deformation  (strain  rates  ca.  2xlCP 
S'l)  of  discs  cut  from  grains  of  XM43,  JA2,  F300/75  and  LM1900  were  obtained  using 
the  drop-weight  apparatus  shown  schematically  in  figure  4.1.  The  drop  hammer  has 
a  mass  of  5.5kg  and  falls  from  a  height  of  1.3m.  This  apparatus  was  originally 
developed  by  Blackwood  4c  Bowden  (1952)  and  has  more  recently  been  extensively 
employed  by  Heavens,  Field,  Swallowe  and  others  in  the  study  of  the  sensitivity  to 
impact  of  a  wide  range  of  energetic  materials  (see  the  references  by  Heavens  &  Field 
(1974),  Swallowe  &  Field  (1981),  Field,  Swallowe  &  Heavens  (1982),  Krishna  Mohan 
&  Field  (1984),  Krishna  Mohan  ci  al.  (1984),  Field  et  al.  (1985,  1992),  &  Walley  et  al. 
(1992)).  The  field  of  view  in  all  the  sequences  presented  is  20mm  in  diameter. 

Figure  4.2  shows  the  rapid  deformation  at  room  temperature  of  a  solid  disc  of  XM43. 
Although  the  periphery  of  the  disc  becomes  ragged,  no  deflagration  was  observed. 
In  previous  (and  published)  work  we  have  shown  that  enclosing  air  spaces  within 
propellant  samples  sensitized  them  (Walley  et  al.  (1992)).  One  way  of  enclosing  an 
air  space  is  to  punch  a  hole  in  the  disc.  Thus  figure  4.3  shows  the  rapid  deformation 
of  an  annulus  of  XM43  at  room  temperature.  Again  deflagration  was  not  observed. 
Another  way  of  enclosing  an  airspace  is  to  make  arrays  of  discs.  Figure  4.4  shows  the 
rapid  deformation  at  room  temperature  of  a  triangular  array  of  small  discs  puncl\ed 
out  from  the  larger  discs  of  XM43.  Again  no  deflagration  was  obtained.  Three  other 
drops  on  samples  of  XM43  were  performed  in  tWs  apparatus  without  using  high¬ 
speed  photography:  two  were  on  solid  discs  and  one  was  on  a  fragment  semicircular 
in  shape.  Neither  of  the  two  whole  discs  deflagrated  but  the  semicircular  fragment 
did  deflagrate.  So  another  high-speed  photograplii:  sequence  was  taken  of  the  rapid 
deformation  of  a  similar  fragment  (figure  4.5).  But  no  deflagration  was  observed.  To 
summarise,  seven  drops  were  performed  on  >M43  at  room  temperature  and 
deflagration  was  observed  only  once. 

Figure  4.6  is  a  high-speed  photographic  sequence  of  the  rapid  deformation  at  room 
temperature  of  a  solid  disc  of  JA2.  Deflagration  can  be  seen  starting  in  the  frame 
labelled  350ps  as  a  small  dark  spot.  This  grows  rapidly,  tearing  the  disc  until  finally 
the  gaseous  products  erupt  from  the  edge  of  the  disc  at  39^'ps.  Another  crack  can  be 
seen  growing  from  420us  onwards  until  it  too  breaks  out  at  476ps.  Further  burning 
from  525ps  onwards  produced  a  pronounced  'two-fingered'  scar  on  the  surface  of 
the  glass  anvil.  Three  other  drops  were  p)erformed  on  discs  of  JA2  at  r(X)m 
temperature  and  all  produced  deflagratioirs. 

Figures  4.7-4 .9  present  high-speed  photographic  sequences  of  the  rapid  deformation 
at  room  temperature  of  discs  cut  from  grains  of  F300/75.  These  grains  have  a 
hexagonal  array  of  burning  holes  which  on  pasi  experience  were  expected  to 
sensitize  the  propellant  in  this  impact  configuration.  Two  of  the  three  sequences 
show  strong  deflagrations  but  it  is  not  clear  that  the  deflagrations  started  from  the 
site  of  any  of  the  collapsed  holes  (see  the  frames  where  overwriting  produced 
double  expKJSure  of  the  initial  and  final  states).  One  of  the  three  (figure  4.9)  did  not 
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produce  a  deflagration.  Three  more  drops  were  performed  without  high-speed 
photography,  In  all  three  cases,  or  other  of  the  glass  anvils  smashed  part  way 
through  the  deformation.  No  deflagrations  were  obtained  in  these  extra  three  drops 
and  it  is  possible  that  this  was  due  to  release  of  pressure  before  ignition  caused  by 
the  breaking  of  the  anvils. 

Figure  4.10  is  a  high-speed  photographic  sequence  of  the  rapid  deformation  at  room 
temperature  of  a  disc  of  LM1900.  Again  this  has  a  he  cagonal  array  of  burning  holes. 
These  can  be  seen  to  close  up  during  deformation  appearing  as  dark  spots  (instead 
of  light  ones)  in  the  frame  labelled  5254$.  Deflagration  can  be  seen  to  have  started  in 
this  frame  just  below  one  of  the  burning  holes.  By  56O4S  the  burning  hole  it  was 
close  to  has  opened  up  and  another  burning  site  has  started  dose  to  one  of  the  other 
holes.  At  6304s  the  central  burning  hole  has  started  to  open  up  and  at  7OO4S  a  fourth 
hole  starts.  All  four  burning  sites  continue  to  deflagrate  throughout  the  deformation. 
It  should  be  noted  that  unfortunately  the  bottom  eight  frames  were  mounted 
wrongly:  they  are  rotated  by  90*  counterclockwise  with  respect  to  the  upper  eight 
frames. 

Another  way  of  sensitising  propellant  compositions  whose  binder  undergoes  a  glass 
transition  is  to  cool  them  below  their  glass  transition  temperature  (Walley  et  al. 
(1992)).  JA2  and  XM43  were  tested  in  this  apparatus  at  liquid  nitrogen  temperatures. 
Figure  4.11  is  the  sequence  obtained  for  JA2.  The  deflagration  was  stronger  than  any 
of  tlie  ones  obtained  at  room  temperature.  Unfortunately  the  camera  triggered  late 
so  the  initial  fragmentation  of  the  disc  was  not  captured.  The  strong  light  emission  of 
the  deflagrating  powder  can  clearly  be  seen.  An  attempt  was  made  to  obtain  a 
similar  sequence  for  XM43  but  this  was  unsuccessful.  The  XM43  did  not,  however, 
deflagrate  at  this  low  temperature  (one  drop). 

TABLE  4.1 


Statistics  on  propellant  discs  at  room  temperature 

Composition 
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XM43 
JA2 

F300/75 
LM1900 
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2J.  Compulcr  i^cncmlcil  iiuu^’cy,  ofsiimph:  Ii4,  Imdcd  in  configuration  I. 
Ivads  (a)  O.H  kg,  (h)  kg,  (c)  dl.  J  kg,  (d)  107.(1  kg,  (e)  1 1 1.4  kg,  (/)  '02.25  kg 


Figure  2.3.  Contour  maps  of  unwrapped  phase,  (a)  undeformed  sample,  x  phase, 

(b)  undeformed  sample,  y  phase,  (c)  deformed  sample,  x  phase,  (b)  deformed  sample,  y  phase. 
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Figure  2.4.  Samples  #4  and  #6,  configuration  I 
Load  versus  Time 
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Figure  2.5.  Sample  #9,  configuration  II 
Load  versus  Time 


2.(}.  Cotiifmtcri^cnf  ruirJ  of  samplr  ii9,  loaded  in  configuration  If. 

Loads  (a)  0.0  k^,  (h)  50.2  k^,  (o)  71.75  (d)  84.5  ((0  85.5  ^c.x, 

(f)  75.0  (during  unloadin^^) 


/■'i^'urv’  ?  7  I’ltotof'i/hyl'k'  iniii;^Lr,  of  yuitiifilc  il3,  loaded  in  confi;^unilH>n  I. 

/.pads  (a)  n.O  As.,  (Id  vr,  Ay,  .ci  94  A^,  (d)  lOd  Ay,  (r)  Tib  Ay,  (J)  0  Ay  (c,fl(  f  unloadin'^) 


figure  2.8.  Photogniphic  ituage'^  of  suniple  42,  loaded  in  configuration  II. 

Loads  (a)  0.0  kg,  (b)  60  kg,  (c)  72  kg,  (d)  80  kg,  (e)  86  kg,  (f  0  kg  (after  utdoading) 


Figure  2.9.  Flwtographic  irmi;^es  of  sample  SPft2,  loaded  in  configuration  III. 
Loads  (a)  0.0  kg,  (b)  75  kg,  (c)  85  kg,  (d)  95  Kg,  (e)  118  kg,  if)  1 34  kg 


/’(■s’wn'  3.1  I>lwt(\<^rti}!h  of  the  hn's'et  urran‘^enient  shoxoin^  propellant 
l^rains  confined  and  in  a  close-packed  array. 


"igure  3.2  Photograph  of  the  target  arrangement  zmlkin  the  experimental  set-up. 
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I'i^urc  3.3  Viwhi^rap'n  of  tlw  t}/pcH  of  propel  luiii  tented  for  comparison. 


Figure  3.4.  Schematic  diagram  of  experimental  arrangement 
for  simulated  bullet  attack. 
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Figure  3.14  High-speed  photograph  of  a  steel  projectile  impacting  a  columned 
array  of  XM43m  at  530  m  s'^.  The  interfrcme  time  was  2  jjs. 
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4.1  Schematic  diagram  of  the  droyweight  apparatus  modified  for 
higfi-speed  photography.  lA^  weight;  M,  mirror;  G,  glass  anvils;  F,  prism 


rij^ure  4  2.  Selected  frames  from  a  highspeed  photop^ruphk  seijuence  of 
the  rapiil  deformation  of  a  disc  ofXM43  at  room  temperature. 


Fij^ure  4.3.  Felected frmies  from  a  high-sprcil  photographic  sccpimcc  of 
the  rapid  deformutkm  of  an  annulus  vfXM43  at  room  temperature. 


i'i^ure  4.4.  Sdtxteil  frames  fnmi  a  hi^h-spccil  photographic  scijuence  of 
the  rapid  deformation  of  a  triangular  ar  rap  ofXM43 
at  room  temperature. 
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injure  4.5.  Selcctiui  frumcsfrcm  a  hif^h-spceJ  photographic  sccjuence  of 
the  rapid  deformation  of  a  acmicircuhir  fra;^ment  ofXM43 
at  room  temperature,  'ilie  first  frame  sliaios  ovcnorilin;^. 
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/  ii’un'  4.1 1.  Srlccti’d framvii  from  ii  hi;^}i  y.jH'Cil  pholo;^rufihic  sfcjncncn  of 
the  rapid  ihfoniiution  of  a  discofjA?  iil  Hipiid  nilroi^ai 
Ictitperal  art’;:,  ‘t'tw  camera  Iri^^ered  tale,  .so  the  frame  labelled 
"0”  is  not  the  true  heyimiin^^  if  the  deformation. 
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OPTICAL  TECHNIQUES  FOR  STRENGTH 
STUDIES  OF  POLYMER  BONDED  EXPLOSIVES 


H.T.  Goldrein,  J.  M.  Huntley. 

S.  J.  P.  Palmer.  M.  B.  Whitworth.*  and  J.  E.  Field 
Cavendish  Laboratory,  Madinglcy  Road, 
Canabridge  CB3  OHE.  U.K. 


Optical  str-ain  measurement  techniques  have  two  significant  advanhiges  over 
conventional  strain  gauges:  they  provide  whole-field  information,  and  tlicy  can  be 
non-contacting.  Three  techniques  have  been  developed  for  both  quasi-static  and 
dynamic  studies  of  polymers,  polymer  bonded  explosives  (PBXs)  and 
propellants:  laser  speclde  photography;  high  resolution  rooird  photography;  and 
digital  speckle  pattern  interferometry. _ _ _ 


INTRODUCTION 

The  mechanical  testing  of  materials 
conventionally  involves  the  use  of  strain  gauges  or 
extensometers  attached  to  the  specimen  to  measure 
deformation.  Extensometers  provide  an  average 
value  over  a  large  section  of  material,  while  strain 
gauges  provide  a  local  measurement  Botli  mcthod.s 
involve  attaching  devices  to  the  sample,  and  this 
often  has  a  significant  effect  on  the  sample  itself.  It  is 
also  usually  necessary  to  work  with  quite  large 
samples  (of  dimension,  say,  a  few  cm)  to  be  able  to 
achieve  a  measurement. 

When  working  with  PBXs  or  propellants  in 
particular,  it  is  often  useful  to  be  able  to  study 
'  :iller  samples  (to  minimise  hazard  risk),  and  to  be 
.  U)  mca.su?x  strain  with  a  non-contactiiig  method, 
tor  these  reasons  the  three  techniques  of  laser 
speckle  photography,  high-resolution  moird 
photography  and  digital  speckle  pattern 
mterferometry  have  been  developed  and  ajiplicd  to  a 
variety  of  systems. 


A  double-exposure  photograph  of  the  speckle 
pattern  on  the  surface  of  the  specimen  is  taken,  with 
one  exposure  before,  and  one  after  the  sample  is 
dcfoiTTicd.  On  the  developed  film,  many  pairs  of  dots 
are  visible,  the  separation  of  the  dots  in  each  pair 
giving  a  measure  of  the  in-planc  displacement  vector 
at  that  point  on  the  sample.  If  a  point  on  the  film  is 
now  illuminated  by  an  undiverged  beam  of  laser  light, 
then  a  classical  Young’s  fringe  pattern  will  be 
produc<'*d.  This  diffraction  pattern  is  digitised,  and 

Processed  by  computer  (by  a  two-dimensional  fast- 
ourier  transform)  to  calculate  the  spatial  frequency 
and  orientation  of  the  fringes. ^  This  enables  the  local 
displacement  vector  at  the  point  probed  by  the  laser 
beam  to  be  derived.  The  film  b  then  moved  (also 
under  the  control  of  a  computer)  so  that  the 
displacement  at  many  points  on  the  film  can  be 
determined.  Typically,  several  hundred  such  fringe 
paiicms  have  to  be  processed  for  each  speckle 
photograph,  and  tliere  may  be  many  photographs  in 
each  dciormation  cxperiincni.  We  have  recently 
developed  a  parallel  processing  sy.stein  which  can 
analyse  a  fringe  pattern  in  IbOnis,  and  one 
photograph  in  under  a  minute.^ 


LASER  SPECKLE  PHOTOGRAPHY 


Applications 


This  is  a  well-established  technique'  and  is  the 
'u:st  of  the  three  de.scribcd  here,  though  it 
.ivuivcs  substantia!  analysis  to  extract  displacement 
and  strain  fields. 

The  slightly  rough  surface  of  the  sample  i.s 
illuminated  by  an  expanded  lasei  beam.  The 
.specimen  appears  speckled,  due  to  light  scattered 
from  points  on  the  specimen  surface  interfering  with 
light  scattered  from  nearby  points  constructively  in 
some  places,  and  destructively  in  others.  Since  these 
sjieckles  arc  oilefacLs  of  the  surface  relief,  if  the  relief 
features  move,  so  too  will  the  speckles.  Thus  the 
speckles  can  be  u.scd  as  markers  with  which  to 
measuic  surface  displacement. 

The  tensile  strength  of  the  material  i.s  then 
calculated  from 


For  small  samples  of  explosive,  it  is  convenient 
to  carry  out  mechanical  testing  in  the  Brazilian  test 
geometry,^'*  as  illustrated  in  figure  1. 

The  test  involves  tlie  diametral  compres.sion  of  a 
disc  of  FBX  approximately  10mm  in  diameter.  The 
sample  fails  in  tension  across  the  line  of 
compression.  In  thb  test,  the  upper  anvil  is  moved 
downwards  at  ■  constant  rate  of  0.83^ins"'  which 
gives  rise  to  a  straining  rate  of  ca.  lO’^'s"'. 


*  Now  ai  FMBRA,  RlckmaiisworUi  Road,  CborlcywiKHl, 
HcrlLjrdshlre,  WIX3  .'5SI1,  U.K. 


( 


where  P  is  the  failure  load,  b  is  the  coniaci  half- 
width  of  thn  anvils,  aiid  D  ,  R  and  i  are  the  diaineter, 
radius,  and  thickness  of  the  specimen  rtspectively. 

The  validity  of  this  equation  is  based  on  the 
assumptions  that  failure  occurs  at  the  point  of 
maximum  tensile  stress  (tliat  is.  at  the  centre)  and 
that  the  compressive  stress  has  no  influence  on  the 
failure. 


RGURE  1.  BRAZILIAN  TEST  GEOMETRY 

With  such  a  small  sample,  and  with  a  typical 
straln-io-iailure  of  a  PBX  of  order  1  millisirain,  the 
displacements  which  must  be  measured  are  only  a 
few  microns.  The  laser  speckle  technique  can 
measure  displacements  acros.s  the  whole  of  the 
specimen  to  an  accuracy  of  better  than  0.1pm,  and  is 
non-contacting.  For  these  reasons  it  has  proved  to 
be  a  useful  technique  for  routine  testing  of  PBXs. 


Application  1  -  Mechanical  Te.sting  of  PBXs 

Figure  2a, b  shows  the  u,  and  u  di.sp]acerneni 
components  of  a  sample  of  PBX,  (X-0344, 
composition  TATB/HMX/Kcl-F  800/dye  in  the 
proportions  71.1/23.7/5.0/0.2%  by  mass),  supplied  by 
the  Los  Alamos  National  Laboratory.  The  sample 
dimensions  {D  xi)  were  6.5x2inm,  and  the  sample 
had  been  under  load  in  the  Brazilian  test  for  270  s. 
The  contour  spacing  is  0.5pm  in  figure  2(a),  and 
1.0pm  in  figure  2{b),  Ihe  region  illus'rated 
corresponds  to  the  square  in  figure  1.  From  ll'e 
displacement  fields  illustrated  in  figure  2,  the  strain 
fields  can  be  deduced  by  numerical  differentiation. 
The  tensile  strain  distribution  £„  at  the  centre  of  the 
same  disc  under  increasing  load  is  illustrated  in 
figure  3.  Plalc.s  {n)-(d)  repre.senl  at  108,  162, 
216  and  270  s  respectively.  The  contour  spacing  is 
0.25  niillistrain.  Spain  at  the  centre  of  the  sample  c.an 
be  measured  from  these  maps,  and  stress  can  be 
ralcubicd  from  the  load  mea.sured  by  a  load  cell  in 
the  testing  machine.  Thus  stre.ss-strain  curves  can 
be  plotted  as  illuspatcd  in  figure  4. 


Application  2  —  Perforated  Propellant  Grains 

A  second  illusPation  of  tlie  technique  is  the  study 
of  inert  saniplcs  supplied  by  the  United  States  Army 
Research  Laboratory  at  Aberdeen,  of  perforated 
propellant  grains,  in  order  p>  study  the  contribution  of 
the  hexagonal  array  of  bum  holes  to  the  mechanical 
properties.  The  sample  was  placed  between  two  flat 
anvils,  with  its  circular  face  (containing  the  array  ol 
bum  holes)  lying  in  the  plane  of  the  anvils.  The 
specimen  was  loaded  in  compression  by  moving  the 
upper  anvil  at  a  constant  rate  of  0.83/an  s~'  up  to  a 
maximum  load  of  40kg.  The  field  of  view  is  illu, ''■Paled 
in  figure  5. 


HGURE  2.  (a)  AND  (b)  DISPLACEMENT 

COMPONENTS  OF  X-0344  UNDER  LOAD  IN 
THE  BRAZIL, IAN  TEST 
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FIGURE  3.  TENSILE  S'fRAIN  DISTRIBUTION 
AT  THE  CENTRE  OF  A  DISC  OF  X-0344 


HGURE  4.  STRESS/STRAIN  CURVE  FOR  X-0344 
DERIVED  FROM  BRAZILIAN  TEST 
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FIGURE  5.  LOADING  GEOMETRY  FOR 
PERFORATED  PROPELLANT  GRAINS. 

In  the  displacement  maps  which  appear  as  figure 
6,  it  can  be  seen  that  strain  is  begnining  to  build  up  in 
the  region  under  the  anvil,  the  compressive-  strains 
here  being  approximately  2.0  millistrain.  The  u,  plot 
also  shows  some  stress  concentration  between  the 
bum  holes. 


Application  3  —  High  Speed  Spcckk  Photography 


are  produced.  These  are  then  developed  and 
analysed  as  before. 


FIGURE  6.  CONTOUR  PLOTS  OF  IN-PLANE 
DISPLACEMENT  COMPONE.NTS  u,  (a)  AND  u, 
(b)  AT  A  LOAD  OF  31.9  kg 


The  previous  applications  have  all  dealt  with 
quasi-static  deformation  of  the  sample.  It  is  also 
possible  to  use  speckle  photography  to  record 
dynamic  defonnation  events.  A  Beckman  &  Whitley 
189  lOtating-minor  high-speed  camera  and  pulsed 
ruby  laser  have  been  modified  for  such  p.  study.® 

A  pulse  of  light  from  a  small  flash  tube  placed 
inside  the  camera  is  arranged  to  illuminate  a 
photodiode  at  the  edge  of  each  of  the  25  relay  lenses 
in  the  camera.  This  can  only  happen  when  the 
rotating  mirror  is  pointing  directly  at  the  appropriate 
frame.  The  photodiodes  then  repeatedly  Q-switch  a 
ruby  la.ser,  which  illuminates  the  sample,  and  records 
a  speckle  pattern.  The  camera  is  run  once  with  the 
sample  stationary,  and  once  with  the  event  in 
progrc.ss,  thus  double  exposure  speckle  photographs 
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FIGURE  7.  SPECIMEN  GEOMETRY 
FOR  BALL  IMPACT  EXPERIMENTS. 

In  this  example,  experiments  were  carried  out  to 
measure  the  displacement  field  induced  in  a  plate  by 
solid  panicle  impact.  Figute  7  illusirate.s  the 
geometJ^.  The  specimen  was  machined  from  a  6  inm 


FIGUFJE:  8.  HORIZONTAL  DISPLACEMENT  COMPONENT  FROM  BALL  U.IPACT  ON  PMMA 


sheet  (if  cast,  polyrjtthyl  methacrylate  fPMMA).  The 
projectile,  a  2nmi  steel  bali  impacted  with  a  velocity 
of  115 ±10  m  s  '. 

The  results  jiving  the  horizontal  displacement 
field  from  this  experiment  are  illustrated  in  figure  8. 
The  intc.lframe  time  is  1.65  ps.  the  field  of  view  is 
14  X  5.5  Jiun’,  and  die  contour  interval  is  2  pm. 


HIGH  RESOLUTION  MOIRE  PHOTOGRAPHY 

When  two  gratings  are  superimposed,  beating 
between  the  gratings  gives  rise  to  a  so-called  moird 
fringe  pattern.  In  experimental  mechanics  this  effect 
is  u.sed  to  measure  in-plane  displacements,  out-of¬ 
plane  slope,  and  surface  fonr..’'  For  example,  in-plane 
displacements  are  dcteiTnined  by  bonding  a  grating  to 
the  specimen  surface.  Tlie  fringe  pattern  formed  by 
superimposing  a  suttiona”}  reference  grating,  cither 
by  direct  contact  or  by  imaging  through  a  relay  lens, 
then  represents  a  contour  map  of  the  displacement 
component  perpendicular  to  the  crating  lines.  The 
sensitivity  (i.c.  fringe  contour  inierv  J)  is  equal  to  the 
pilch  of  the  specimen  grating:  with  conventional 
moird  photography  the  maximum  practical  grating 
frequency  is  around  40  lines  mm"'*  (/  mm"*), 
corresponding  to  a  sensitivity  of  25  pm  fringe"*.  In 
the  high  resolution  moird  technique*'^  a  masked  lens 
is  used  to  image  the  specimen  grating.  The  lens  and 
mask  are  designed  to  operate  at  a  magnification  of 
1:1,  with  a  frequency  of  150/  mni"*^  in  both  the 
specimen  and  image  planes.  Real  time  fringes  are 
then  recorded  with  a  high  speed  camera  allowing 
displacements  to  be  measured  with  a  sensitivity  of 
6.7  pm  fringe"*,  and  with  microsecond  time 
resolution.  Tliis  ma.sked  lens  is  illustrated  in  figure  9. 


FIGURE  9.  OBJECTIVE  LENS  WfTH  SLOTTED 
MASK  FOR  IMAGING  HIGH  FREQUENCY  (150 
LINES  MM-*)  SPECIMEN  GRATINGS 

Figure  10  shows  the  imaging  system  used.  The 
masked  lens  (OL,)  images  the  specimen  grating 
(SG)  onto  the  reference  grating  (RG).  fonning  real¬ 
time  moird  fringes,  which  are  recorded  by  a  high 
speed  camera  (HSC),  an  Imacon  792.  Illumination  i.s 
provided  by  a  Xenon  flash  lamp  (X)  and  beam¬ 
splitter  (0S).  FL)  and  FL2  arc  field  lenses.  The 
theory  of  fringe  formation  is  described  in  reference  9. 
The  specimen  grating  is  a  thin  reflective  phase 
grating,  formed  either  in  epoxy  resin,  or  (for  low 
modulus  samples)  silicone  rubber. 

The  recorded  patterns  arc  digitised  and  then 
analysed  by  computer,  using  a  2-D  Fourier  transform 
technique*’ 


A;)plicatior.  1 

One  problem  to  which  the  high  resolution  moirtf 
photography  technique  hits  been  applied  is  the  study 
of  dynamic  fracture  of  i.  rectangular  PMMA  plate 
containing  a  long  cracl .  When  loaded  by  a  tensile 
stress  pulse  along  one  edge,  a  dilfitadonal  pulse 
enters  the  plate,  trailed  by  Bheai  waves  which 
initiate  ct  the  plate  edges  as  the  pulse  passes.  High 
resolution  inoird  photography  has  b^n  used  to 
measure  the  displacement  Held  in  the  vicinity  of  the 
(stationary)  crack  iip  as  the  pure  dilatational  pulse 
passes.  Figure  11  shows  the  high  resolution  moird 
fringe  patterns  recorded  by  a  high  speed  camera  over 
a  25  mro  x  25  lum  Held  of  view  cenu^ed  on  the  crack 
tip.  The  first  fringe  pattern  was  recorded  only  10.5  jis 
after  the  arrival  of  a  dilatational  pulse  incident  from 
the  left  Thus  little  displacement  has  occurred,  and 
the  fringes  are  only  slightly  modified  from  the 
mismatch  fringes.  Towards  the  end  of  the  sec|uence, 
the  fringe.s  become  more  closely  spaced,  indicating 
increasing  tensile  horizontal  strain  (Cxs).  The 
interframe  time  is  5  ps. 


FIGURE  10.  EXPERIMENTAL  ARRANGEMENT 
FOR  HIGH  RESOLUTION  MOIRE 
PHOTOGRAPHY. 


FIGURE  II.  MOIRE  FRINGE  PATTERNS 
OBSERVED  AT  HIE  CRACK  IN  A  PMMA  PLATE 


The  horizontal  component  of  the  iii-planc 
displacement  field  ha.s  been  calculated  as  a  function 
of  time  from  these  fringe  patterns  and  from  the 


coi  responding  mismatch  fringes;  it  is  shown  in  figure 
12  as  a  sequence  of  contour  maps,  where  dimensions 
are  in  mm,  and  the  contour  heighus  are  in  pm.  The 
magnitude  of  tlie  strain  field  can  be  seen  to  increase 
with  time  from  the  initial  application  of  the  dynamic 
load. 


FIGURE  12.  CONTOUR  PLOTS  OF  THE 
HORIZONTAL  IN-PLANE  DISPLACEMENT 
COMPONENT  OBTAINED  FROM  ANALYSIS  OF 
FIGURE  11. 

From  these  displacement  fields,  the  modc-1 
stress  intensity  factor  K*  can  be  calculated.  It  was 
compated  with  a  theoretical  solution  based  on  a 
Strain-gauge  record  of  the  input  stress  profile  and  the 
expected  response  for  step  pulse  loading  of  an  clastic 
plate.  The  prcdictca  and  measured  K  values  are  in 
agreement  to  within  5  to  10%. 


Application  2 

A  second  example  i.s  given  by  experiments 
carried  out  to  inve.sligale  the  effect  of  impact  by 
rectangular  projectiles  on  composite  disc  specimen:.. 
The  discs  simulate  2-D  sections  thiougb  artillery 
shells.  The  discs  are  5  mm  thick  and  consist  of  a 
central  polycarbonate  region  with  a  diameter  of  15.9 
mm,  19.1  mm,  or  22.2  mm,  surrounded  by  a  copper 
ring  of  external  diameter  25.4  mm  and  wall  ihickncs.s 
1.6  mm.  The  inten'cning  region  was  filled  wii.h  a 
silicone  rubber  liner.  Epoxy  reflection  graiing.s  were 
applied  to  the  polycarbonate  region,  and  the  aim  was 
to  measure  the  level  of  strains  that  were  present  in 
the  polycarbonate  region  for  different  thicknesses  of 
rubber.  Phosp’  or  bronze  projectiles  were  fired  by 
means  of  s  recUi.’gular  bore  gas  ^un,  giving  projectile 
velixilies  of  56.0  ±  l.I  m  S'L  High  speed  sequences, 
corresponding  to  each  of  the  rubber  thicknesses  were 
recorded.  By  way  of  example,  figure  13  shows  the 
19.1mm  disc  with  a  rubber  thickness  of  1.55  mm  The 
impact  occurred  horizontally  from  the  left;  the 
rating.?  were  vertical  so  the  fringes  represent  the 
orizontol  displacement  component,  and  compres.sivc 
siruin.s  show  up  as  a  decrease  in  the  fringe  spai  ’ne. 
Will)  a  .spccim)  n  grating  frequency  of  150  lines  mio  \ 
the  sensitivity  i*  6.7- pin  fringe  L  Only  the  central 


polycarbonate  region  is  visible.  The  interframe  time 
is  5  ps.  A  compressive  stress  wave  can  be  seen 
entering  the  polycarbonate  from  the  left,  crossing  the 
disc  in  approximately  15  ps.  Figure  13  was  analysed 
by  the  Fourier  transform  method,  and  the 
’  displp-ccmcnt  field  measured  from  the  eight  frames  is 


shown  in  figure  14,  where  the  contour  interval  is  2 
pm.  Though  not  all  the  results  are  shown  here,  these 
experiments  demonstrated  the  substantial  reductior. 
in  strains  which  can  be  achieved  through  the  use  of  a 
liner. 


FIGURE  13.  HIGH  SPEED  MOIRE  SEQUENCE  OF  A  COMPOSITE  DISC  UNDERGOING  SLIDER 
IMPACT  FROM  LEFT  TO  RIGHT.  INTERFRAME  TIME  «  5ps. 


FIGURE  14.  CONTOURS  OF  HORIZONTAL  DISPLACEMENT  COMPONBN’r  FOR  THE  HIGH  SPEED 
SEQUENCE.  SHOWN  IN  FIGURE  13.  CONTOUR  IN'IERVAL  ==  2pm. 


DIGITAL  SPECKLE  PATTERN 
INTERFEROMETRY 

In  digital  speckle  pattern  interferometry,  the 
sample  is  illuminated  by  two  collimated  beams  of 
light  as  shown  in  figure  15,  The  resulting  pattern  of 
illumination  is  a  set  of  cosine-squared  fringes, 
modulated  by  a  sp^kle  pattern  which  is  formed  as 
described  earlier,  'nie  camera  of  an  image-processing 
system  is  focused  on  the  surface  of  the  specimen  to 
observe  these  patterns.  The  fringe  spacing  is 
A/(2sina)  where  X  is  the  wavelength  of  light  being 
used.  633nm  in  this  case  and  a  is  the  angle  of 
incidence.  If  a  is  approximately  20“  then  the  grating 
spacing  is  approximately  l|im.  This  is  too  fine  for  the 
camera  to  resolve  and  only  the  speckle  pattern  is 
visible. 

If  the  sample  is  subjected  to  an  in-plane 
displacement,  then  the  specldes  move  as  has  already 
been  noted  with  speckle  photography.  However,  as 
the  points  contributing  to  their  intensity  move  across 
the  fine  cosine  grating,  the  intensity  of  the  speckle 
will  also  vary  sinusoid^ly  at  the  grating  frequency  .  If 
a  speckle  moves  by  1pm,  then  it  will  change  from 
bright  to  dark,  and  tlien  to  bright  again.  If  the  phase 
angle  of  the  speckle  along  this  sinusoid  can  be 
determined,  then  so  too  can  the  motion.  There  are 
three  unknowns  in  this  determination:  the  minimum 
intensity,  the  maximum  intensity,  and  the  phase 
angle,  so  one  observation  will  not  yield  sufficient 
information  to  determine  the  phase  uniquely.  To 
provide  this  extra  information,  the  length  of  one  arm 
of  the  interferometer  is  altered  by  known  fractions  of 
a  wavelength  using  the  phase  modulator  shown  in 
figure  15  and  at  least  three  measurements  must  be 
made.  A  sensitivity  of  order  tens  of  nanometers  is 
possible. 


FIGURE  15.  OPTICAL  ARRANGEMENT  FOR 
SPECKLE  INTERFEROMETRY 

Ihe  main  disadvantages  of  this  are  that  at  least 
three  phase-stepped  images  must  be  acquired 
between  which  the  specimen  must  not  undergo  any 
significant  motion,  so  restricting  the  method  to 
qua.si-staiic  tests,  and  that  only  one  component  of 
displacement  can  be  obtained. 


Applications 

Brazilian  test  experiments  were  performed  cn 
inert  PBX  simulants  in  order  to  compare  the  effect  of 
the  polymer  binders  on  the  mechanical  propenies.The 
interferometer  was  configured  to  measure  horizontal 
in-planc  displacements  with  a  sensitivity  of  0.433 
pm  fringe' L  The  Brazilian  test  loading  rig  was 
started,  and  phase-stepped  speckle  patterns  were 
recorded  every  25  s  ouring  the  deformation.  A 
sequence  of  such  incremental  phase  maps  for  a 
composition  with  an  hydroxy-terminated 
polybutadiene  binder  is  shown  in  figure  16  in  which 
black  represents  phase  values  of  -n,  and  white  is  -fa. 
Each  map  shows  the  change  in  horizontal 
displacement  component  that  occurred  in  the  25  s 
between  aucccssive  exposures.  One  fringe 
corresponds  to  a  phase  chan^  of  2a  and  i  relative 
displacement  of  0.433  pm.  initial  fringes  arc 
essentially  horizontal,  indicating  rigid  body  rotation 
of  the  disc.  Tensile  strain  in  the  horizontal  direction 
is  proportional  to  the  phase  gradient  in  the  x 
direction;  the  build-up  of  strain  at  the  centre  of  the 
disc  is  clear  from  the  tilting  of  the  fringes  to  the 
vertical  in  that  region.  In  the  last  frame  the  phase 
map  has  become  very  noisy  at  the  centre  of  the  disc. 


We  believe  this  to  be  due  to  fracturing  of  the 
specimen,  giving  rise  to  excessive  displacement  and 
surface  tilt,  and  hence  to  speckle  decorrelation 

.Subsequent  analysis  involves  phase  unwrapping 
(i.c.  removal  of  the  2n  phase  discontinuities)  and 
numerical  differentiation  to  calculate  strain  fields. 
Figure  17  shows  maps  of  calculated  from  the 
frames  of  figure  16.  The  contour  interval  is  1 
roillistrain. 


FIGURE  17.  STRAIN  MAPS  DERIVED  FROM 
FIGURE  16 
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Tlie  mechanisms  which,  under  simulated  fragment  attack,  can  lead  to  ignition  in 
sections  of  cased  charges  have  been  studied  using  high-speed  photography.  The 
front-end  geofnetry  and  velocity  of  the  projectiles,  the  casing  material  and 
explosive  filling  of  the  target  were  altered  to  determine  their  effect  on  these 
mechanisms. 


INTRODUCTION 

The  response  of  cased  munitions  to  high  velocity 
impact  is  an  area  of  major  concern  to  weapon  designers, 
llie  impact,  caused  by  bullet  or  shrapnel  fragment 
'  during  either  intentional  or  accidental  attack  can  elicit  a 
•  varieiy  of  responses  from  the  munition.  The  most 

I  violent  res^nse  is  the  prompt  shock  initiation  of  the 
I  explosive  ftlling,  leading  to  detonation  of  the  whole 
charge.  If  the  shock  pressure  lesulting  from  the  impact 
is  not  high  enough  to  shock  initiate  the  charge,  it  may 
nevertheless  penetrate  the  casing  and  cause  ignition  of 
the  charge  within.  This  may  or  may  not  be  followed  by 
a  deflagration-to-detonation  transition  (DDT), 
depending  upon  the  degree  of  confinement,  which  will 
in  any  case  have  been  reduced  by  the  impact,  and  the 
nature  of  the  explosive  filling,  llie  impact,  whether  it 
penetrates  the  casing  or  not,  may  not  cause  a  sustained 
ignition  of  the  filling  though  it  is  still  possible  that  the 
damage  which  results  from  this  impact  may  increase  the 
sensitivity  of  the  charge  to  further  impacts. 

The  series  of  experiments  detailed  here  addre.ss  tlic 
problem  of  observing  inside  a  cased  cbirge  whilst  it  is 
undergoing  simulated  fragment  attack  at  impact 
velocities  below  which  shock  initiation  is  cau.sed. 
Shock  initiation  mechanisms  have  been  extensively 
investigated  due  to  the  seriousness  of  respon.se.  Early 
work  by  Dewey  and  Slade'  and  Brown  and  Whitbread^ 
using  right  circular  cylinders  fired  at  bare  and  lightly- 
covered  explosives,  impacting  on  the  flat  end  of  the 
cylinders,  snowed  that  the  critical  velocity  for  initiation 
of  the  sample  wins  independent  of  the  length  of  the 
projectile,  as  long  as  the  length  was  greater  than  about 
half  llic  diameter.  If  the  material  of  the  projectile  was 
changed,  then  the  critical  velocity  v  as  altered  so  that 
the  impact  shock  pressure  remained  constant 

If  the  charges  were  more  heavily  confined,  Howe  et 
al.^  found  that  shock  initiation  did  not  always  explain 
I  the  detonation  thresholds  that  were  observed,  and  tlial 
the  lengtli  of  the  projectile  was  important  when 


considering  explosive  fillings  such  as  TNT,  where  shear 
effects  were  also  found  to  contribute  to  tlic  initiation 
process. 

Cook  et  al.*  have  carried  out  much  work  in  this 
area,  particularly  on  die  effect  of  the  charge  casing  on 
the  munition’s  response.  They  have  shown  that  for  thin 
barriers  of  steel  and  aluminium,  it  is  possible  to  model 
initiation  using  a  modified  1-D  critical  cncrgy-pcr-unii- 
arca  criterion,  but  that  for  initiation  through  thicker 
barriers,  this  model  is  not  applicable.  Liang  etal.^  used 
the  DEFEL  2-D  finite  element  dynamic  code 
incorporating  the  Mie-Gruncisen  equation  of  state  to 
calculate  the  pres.sure  and  temperature  distributions 
within  explosive  charges  impacted  by  llat-endcd 
projectiles.  They  found  that  shuck  initiation  mech¬ 
anisms  were  dominant  for  bare  charges,  but  that  for 
heavily  confined  charges,  viscoplasiic  heating  of  tlic 
explo.sive  was  important  and  that  adiabatic  shear  band 
heating  in  Uir  explosive  near  the  periphery  of  the  plug 
was  a  possible  ignition  mechanism. 

Using  thin  barriers,  Haskins  et  al.^,  in  projectile 
alUick  trials  on  PEi4,  investigated  whether  altering  the 
froiu-end  projeeiile  geomcfy  affected  the  critical 
velocity  for  initiation.  They  concluded  from  theoretical 
and  experimental  results  that  flat-ended  projectiles, 
which  transmit  a  1-D  .shock  into  the  explosive,  were  the 
most  efficient  at  causing  initiation.  Projectiles  with 
cone  angles  of  less  than  ~12()’,  which  have  a  subsonic 
contact  periphery  velocity,  and  flat-ended  projectiles 
impacting  thick  barriers,  produce  divergent  shocks  in 
the  explosive  material  and  are  therefore  less  efficient  at 
causing  initiation.  They  also  invc,stigaied  the  effect  of 
charge-liner  materials  and  found  that  rubber  liners 
reduced  the  impact  sh(K;k,  providing  the  rublier’s 
Kugoniot  curve  did  not  lie  between  that  oi  the  casing 
and  tiic  explosive 

Al  impact  velocities  below  the  .shock  initiation 
thicshold,  there  is  the  possibility  of  the  charge 
undergoing  a  wide  variety  of  reactions  from  DDT  to 


ricochet  of  the  projectile  with  no  :tpparent  reaction. 
Although  the  hazard  will  generally  decrease  with 
lowering  impact  velocity,  any  response,  from  DDT  to 
burning  leading  to  case  venting,  may  he  transmitted  to 
other  munitions  stored  in  close  proximity.  The  initial 
impact  may  thus  escalate  fn)m  a  small-scale  event  into 
a  more  devastating  large-scale  accid<;iU.  Much  work 
,  has  been  canied  out  by  Boggs  ei  aO  into  quantifying 
the  range  of  responses  a  munition  may  exhibit  under 
various  stimuli,  including  bullet  and  fragment  attack,  so 
;  that  a  mechanistic  understanding  of  the  reactions  and 
predictive  capability  could  be  achieved  for  a  given 
munition.  Whilst  most  of  the  research  effort  has 
understandably  been  concentrated  on  the  most 
hazardous  SDT  and  DDT  responses,  the  aim  of  the 
experiments  detailed  in  this  papei  was  to  investigate 
;  and  understand  the  mechanisms  which  cause  ignition  of 
i  the  charge  in  the  first  place.  Further  responses  were 
'  noted  but  are  not  the  primary  interest  of  this  work 

I  EXP^iRIMENTAL 

There  are  a  number  of  putative  mechanisms  for 
!  ignition,  including  heating  erne  to  rapid  viscous  flow 
^cad  of  the  projectile,  adiabatic  .shear  band  formation 
and  berating  of  the  explosive  filling  in  contact  with  the 
'  points  of  casing  failure.  In  order  to  isolate  the  effects  of 
j  these  mechanisms,  various  parameters  and  conditions  in 
the  experimental  arrangement  were  altered.  High  -speed 
photography  was  used  to  observe  directly  the  ignition 
sites  and  give  a  photographic  in.sight  into  the  ignition 
mcchanism.s. 

The  front-end  geometry  of  the  impaciing  projectile 
was  varied  in  three  ways  to  alter  the  flow  conditions 
and  shear  stres.ses  ahead  of  llic  projectile.  The 
projectiles  were  either  flut-etuled,  henusphcrical-cnded 
or  30*  conc-ended  (sec  Tabic  1).  A  flat-ended 
projectile  would  be  expected  to  cuu.sc  shear  failure  of 
the  casing  and  pu.sh  the  plug  of  casing  ahead  of  the 
projectile  io‘o  the  explosive,  This  geometry  v/«^s  also 
expected  to  cause  the  highest  amount  of  shear  stnesv  and 
vi.scou.s  flow  in  the  filling.  At  the  other  extieme,  a  30* 
cone  ended  projectile  should  cause  ten.silc  failure  of  the 
cu.sing,  followed  by  penetration  of  the  fi’Hng  by  the 
projectile  and  the  defonued  points  at  easing  fractim;.  In 
the  ca.se  of  the  hcmisphcricnl-ended  projectile,  the 


casing  should  undergo  tensile  and  shear  failure  under 
impact  and  the  explosive  filling  would  be  affected  by 
shear  sttesses  and  rapid  viscous  flow  ahead  of  the 
projectile  though  to  a  lesser  exteiii  than  for  the  fiat- 
end^  projectile. 

In  wder  to  isolate  Uic  effect  of  whether  the  casing 
friicturc  surfau;cs  cause  ignitions  in  the  explosive,  the 
casing  of  the  target  wits  cut  at  the  projectile  entry  point, 
leaving  effectively  a  bare  charge.  The  targets  were  then 
tested  for  their  ivspokisc  to  the  three  types  <'f  projectile. 

The  effect  of  casing  material  (see  Tabic  2)  was  al.so 
investigated  by  using  botli  cooper  and  steel.  Due  to  the 
different  physical  properties  of  these  two  materials  and 
their  difierent  m^es  of  failure  (copper  undergoing 
ductile  fvlure  at  higher  strain  rates  than  steel,  which  is 
iriefit!  prone  to  brittle  fracture)  it  was  thought  that  the 
casing  material  may  alter  the  likelihood  of  ignition. 


The  impact  experiments  were  performed  using  a 
single-stage,  iwin-solcnoid  operated  gas-gun  with 
helium  cs  fhe  propellant  gas  because  of  its  low 
molecular  weight  The  gun  banel  was  2  m  long  and  of 
1.J.2  mm  bo.-e.  The  projectiles  were  m»kdc  of  silver 
stcid  (density  7.R  g  cm‘'’)und  sabot-driven  to  keep  tlie 
mass  of  explosive  to  a  minimum  to  comply  with  safely 
constraints.  The  sabots  were  made  of  nylon  666  rod 
(dcn,sity  l.l  g  enr^)  with  a  recess  for  the  projcctik  at 
the  front  and  material  leamed  out  at  the  rear  to  leducc 
the  weij^ht  of  the  coi.nbinatioa,  as  shown  in  figure  1. 
The  projectile  wr.s  fired  at  the  target  at  velocities  in  tlic 
range  350  to  6.50  m  s  '.  Although  the  flat-ended 
projectile  imparts  a  .shix:k  into  the  explosive  filling,  it  is 
bciov'  the  critical  shoclf  initiation  pressure  and  iheicfore 
.shocK  initiatioii  was  not  expected  to  occur. 

In  aduition  !o  varying  the  froiu-cnd  geometry  of  the 


Voids  tvere  introduced  between  the  casing  and  the 
filling  and  at  varying  distances  from  the  casing  within 
the  filling  to  assess  their  effect  on  the  sensitivity  of  the 
target  to  ignition.  These  voids  were  included  to 
simulate  the  effect  of  voids  occurring  in  charges 
through  debonding  from  the  casing  and  imper^ct 
processing. 


TABLE  1.  FRONT-END  GEOMEI  RY  AND  DIMENSIO.NS  OF  FROJECTILES 


front-end  f^cotixetry 

diameter  (mm) 

length  (mm'i 

mns.v  (p)  1 

fiat 

5.2 

hcinisphencal 

5.2 

16 

IIQQIII 

cone 

5.2 

20 

■BEB; 

T.SBLE  2,  MIY.SICAI,  PROPERTIE*  OF  TOE  TARGET  CA.'vING  M  A’iT:RIALS 


eating  mate  rial 

dersity 
(g  cm  ') 

young’s  mndalio' 
(GPu) 

f/ieTrW/ 
conductivity 
n  s  '  m  'K  ') 

specific  heat 
capacity) 
fJkg-'X  ') 

copper 

8.91 

13i» 

390 

siccl  (mild) 

7.86 

L - 

210 

SO 

470 

12,8  mm 


25  mm  ■ 


/> 

1 

' ' _ 


1 1  mm 


^0.5  mm 


1. 1  mm  8  nmv 


8  mm 


I  IGURli  1.  SCMHMATK'  DIAGRAM  OI  THli 
SABOT-PROJECTILE  COMBINATION. 

projectiles,  the  impect  velocities  were  varied  to 
deienr.ine  whether  diffcre.U  mechanisms  become  more 
dominant  at  different  velocities. 

'rhcrc  were  5  type,s  of  explosive  filling  u.sed  as 
targets,  as  detailed  in  tabic  3. 

The  targets  were  19  mm  diameter  x  6  mm  thick 
discs  uf  explosive,  encased  by  1 .5  mm  of  cither  copper 
or  mild  steel  and  saitdwichcd  between  two  10  mm  thick 
blocks  of  polycarbonate,  as  shown  in  figure  2.  'fhe 
blocks  al.so  acted  as  sabot  .strippers,  although  as  a  re.sull, 

TABLE  3.  TARGET  FILLINC  S. 


explosive 

composition  ( wt  %) 

density 
(g  cm-5) 

PE4 

RDX  (88%)/gfeast:  (12%) 

1.60 

cyclotol 

RDX  (6C%))TNT(4()‘If,) 

1.68 

tiClol 

HMX(7()%)y'rNl'(30%) 

1.80 

IJC14 

HMX  (95.5%)/c.sunc 
(4..5%) 

1.83 

PBX  j  HMX  (88%)A)inder 

1  (12%) 

1.74 

r 

Bpacorn 

erploftive  • 
filled  ring 


nylon 

sabot 


Hteel 

projectile 


polycarbonate  blocks 


FIGURE  2.  SCHEMA  nC:  DIAGRAM  OF  IHE 
TARGET  ARRANCif  :ME:N1’. 


FIGURE  3.  SCHEMATIC  DIAGRAM  OF  THE 
PROJFCriLE  PENElTt  ATION  TARGET 
ARRANGEMENT. 


a  second  shock  was  imparUid  to  the  explosive  on  impact 
of  tfic  sabot.  The  effan  of  thi.s  impact  is  clcjtrly  visible 
in  some  shots,  but  since  it  occuned  at  least  15  ps  after 
the  projectile  had  impacted,  it  had  no  effect  on  the 
initial  ignition  mcchani.sn:s. 

Projectile  pco.ctralion  experiments,  to  determine  the 
amount  of  kinetic  energy  lost  by  the  projectile  in  this 
process,  were  r.’.so  perfomicd  on  sheets  of  copper  and 
steel  o,‘  the  .same  thickness  u.s  tJie  target  casings.  These 
experiments  were  performed  using  metal  shcctiair 
gap/mctal  sheet  and  metal  .shcct/cycloiol/mctal  sheet 
ajTangcmcnLs  for  compai  Lson  (.see  figure  3), 

The  velocity  of  the  projectile  was  :nea.surcd  by 
liming  it  between  two  la.ser  beams  a  known  distance 
apart.  The  timer  was  connected  to  ari  up-down  counter 
which  was  u.sed  to  fire  the  cameia  at  the  coirccl  time, 
irrespceiivc  of  projectile  vclwivy. 

The  impacts  on  laigcts  were  recorded  using  an 
Imacon  792  camera  o}Xirali.ng  in  fianring  mode,  with 
.''roniing  raius  of  bciv/ccn  .5  x  and  1  x.  HT’  frames  per 
.second,  and  lho.se  for  the  projectile  pcneiratiou 
cxperin)cnl,s  using  an  Imacon  790  in  streak  mode  at 
1  UK)  n.s  mm  ’.  In  addition,  an  IMCO  Ultrani/C  camera, 
with  pnigramm-iblc  inierfran^e  and  c.sposure  times,  wa.s 
u.««cl  for  some  of  the  cyclotol  filled  target  experiments. 

EXPIiKIMENl  Al,  RF:.SULTS 

ProjecUle  penetnuion  of  steel  and  copper  eatings 

At  the  impact  velocities  in  this  study,  the  flat-ended 
proJcclilc.s  produced  sufficiently  high  shear  strain  r.^les 
In  both  metals  to  shear  out  a  plug  of  casing,  with 
initially  ndr  ivcly  liillc  deformation  of  the  .sumninding 
material  Figure  5  shows  r.  .steel  projec'ilc  penetrating 
an  unfilled  copper  ca.sing,  with  the  plug  (pi  clcady 
visible  after  pcnetralion.  Photographs  obtained  of  the 
.same  event  with  a  steel  ring  wci\‘,  almost  identical,  and 
examination  of  the  rings  and  plugs  aftei wards 
confirmed  that  the  failure  was  very  similar  in  Uic  two 
casirs,  although  the  suh.scc|iien'  deformation  around  the 
point  of  failure  was  rallier  greater  foi  the  copnici  rings. 
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FIGURE  A.  SCHEMATIC'  DIAGRAM  OF  'HIE  EXPERIMENTAL,  ARRANGEMENT. 


HGURE  5.  FLAT-ENDED  PROJirTILE  IMPACT  OF  AN  l.'Nni.LED  COPPER  CASING  AT  400  m  s  * . 
(FRAMING  RATE  2  x  10'  fps) 


With  pointed  prttjcclilc.s,  the  .stiain  rates  in  the  ineial 
(luring  penetration  aic  far  less  than  for  Uic  flat-ended 
projectiles.  The  cupper  ca.sing  undttrgocs  ductile  failure 
and  the  projectile  emerges  relatively  undamaged. 
However,  the  harder  steel  casing  cau.se,s  the  point  to  he 
deformed  by  the  initial  impact,  and  it  does  not  suivive 
the.  penetration,  emerging  with  a  munded  profile  as 
sliown  in  Figure  6. 

Hcmisphcncal-ended  projectiles  impacting  copper 
led  to  pntdonriinanily  ductile  failure,  on  penetration,  witli 
a  thin  layer  of  copinir  being  .stretched  across  the  front  of 
the  projectile.  On  impacting  mild  steel,  tl-.e  penetration 
occurred  by  plugging,  with  a  well-defined  plug  of  steel 
be.ing  removed  in  a  similar  manner  u.  that  .seen  with  the 


flat-ended  impacts.  Tlii.s  may  involve  a  combination  of 
ductile  and  adiabatic  shear  failure. 

From  streak  photographs  of  the  penetration  of  flat- 
ended  projectiles  thiough  steel  and  copper  plates,  the 
kinetic  energy  lost  in  the  procc-ss  was  estimated.  Steel 
projectiles  of  2.5g  impae'ing  1,6  mm  steel  plate  with  a 
velocity  of  5(X)  m  s  >  were  estimated  to  have  lost  1<X)  J 
of  kinetic  energy.  If  this  energy  is  deposited 
adiabatically  into  a  thin  region  (-  .^0  pm)  t'f  shear  band 
at  iht  edge  of  the  piug,  then  an  initial  temperature  lise 
of  greater  than  2(KKJ  K  would  be  achieved,  and  although 
ll  -s  would  b>  ,  ()ucnched  very  quickly  by  conduction  into 
the  hotly  of  ll,c  plug,  it  might  h.  eitpiuMcd  to  constitute 
1.  vialtlc  ignition  sou’ce  for  the  explosive  within! 
Repeating  these  te.sts  with  explosive  sandwiched 
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FIGURE  6.  30*  CONE- ENDED  PROJECTILE  IMPACT  OF  AN  UNFILLED  STEEL  CASING  AT  400  ni  s  ' .  I 

(FKAMING  RATE  2  x  lO^  fps)  ! 

i 


0  MS  6  MS  10  MS  16  Ms  20  ps  25  ms 


FIGURE  7.  FLAT-ENDED  PROJFX:nLE  IMPACT  OF  A  COPPER-CASED  LX- 14  TARGET  AT  506  m  s  ' 
(FRAMING  RATE  2  x  10^  fps) 


between  the  plulcs  enabled  the  amount  of  energy  lost  by 
tjtc  projectile  in  passing  through  the  explosive  layer  to 
be  calculated.  For  a  cast  cyclotol  composition,  this  was 
of  the  order  of  10  -  20  J  mm  '. 

Ignition  testx  on  explosive  compositions 

Table  4  shows  threshold  flat-ended  impact 
velocities  for  observed  ignition  sites  for  the 
compositions  tested.  Values  an:  given  for  both  biirc  and 
cased  charges.  Where  ignition  was  not  ob.servcd  in  the 
high-speed  photographs,  the  composition  v.'as  usually 
m.'overcd  unbumed  from  die  tcSl-box. 

Sub.setjucnt  experiments,  to  observe  different  tyfies 
of  ignition  mechanism,  were  mostly  restricted  to 
cyclotol,  octol  and  LX- 14.  which  had  the  lower 
ihreshold  velocities. 

Effect  of  projectile  front-end  geometry 

Abo''c  the  ihreshold  velocity  for  flut-ended 
projectiles  quoted  in  table  4,  .similar  ignition  sites  were 


readily  observed  in  the  cyclotol,  octol  and  LX- 14 
compottitions  in  the  absence  of  any  voids.  The  main 
source  of  ignition  appeared  to  be  due  to  the  rapid  flow 
of  the  explosive  around  the  front  of  the  projectile,  witli 
additional  faction  sometimes  seen  associated  with  tlic 
compressive  wave  moving  ahead  of  the  projectile  into 
the  surrounding  material.  Figure  7  shows  reaction  in  a 
target  of  LX- 14  and  the  outbreak  of  burning  (b)  in  the 
damaged  material  ahead  of  the  projectile,  together  with 
some  possible  ignition  behind  the  compressive  wave 
front  (c).  There  is  further  ignition  at  the  failed  edge  of 
the  casing  on  impact  of  the  sabot  (frame  3).  There  does 
not  .seem  Ui  be  ignition  associated  with  the  initial  failure 
of  the  casing. 

Figure  8  shows  a  similar  impact  on  a  target  with  cut 
jid  removed  ca.sing,  and  die  ignition  is  very  similar  to 
that  observed  in  the  fully  cased  sample.  The  bright 
flash  of  light  in  frame  4  is  probably  due  to  compression 
o.f  air  trapped  under  the  end  of  the  casing  by  the  sabot. 

Further  ignition  due  to  sabot  impact  is  apparent  in 


TABLE  4.  TTIRESHOLD  VELfXJITlES  FOR  FLAT-ENDED  IMPACTS 


Composition 

Threshold  velocity  (m  s  ') 

Comments 

Copper 

Steel 

B. 

PE4 

>610 

>610 

>610 

some  ignition  with  void.s 

cyclotol 

530 

550 

520 

octol 

550 

- 

540 

tests  in  sicei  inconclusive 

LX- 14 

4IK) 

- 

<500 

not  yet  U:stcd  in  steel 

FBX 

>  5K0 

>  580 

>580 

not  yet  tested  with  voids 
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FIGURE  8.  FLAT-ENDED  PROJECTILE  IMPACT  OF  A  CUT  COPPER-CASED  I JC-H  TARGET  AT 
506  m  .  (FRAMING  RAl'E  2  x  lO^  fps) 
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FIGURE  9.  FXAT-ENDED  PROJECTILE  IMPACr  OF  A  COPPER-CASED  OCI'OL  TARGET  AT  570  m  .v' . 
(FRAMING  RATE  2  x  UM  fps) 


some  of  the  high-speed  photographs.  Figure  9  is  a 
sequence  showing  a  flat-ended  projectile  impacting  a 
cased  :;arnplc  cf  ociol,  taV.cn  using  an  IMCO  Ultranac 
image  converter  camera  ITic  sabot  impact  tKCurs  in 
frame  3.  in  the  later  frames,  tvv'o  regions  of  burning  arc 
clearly  visible,  one  in  the.  damaged  material  behind  the 
rojcctile  as  it  crosses  the  ring  and  the  other  across  a 
roadcr  area  moving  away  fmm  thi  sabot  impact. 

No  ignitions  were  ob.served  with  either  pointed  or 
hemispherical-endcd  projectiles  up  to  the  maximum 
velocities  tested  (~  610  m  s  ’),  nor  were  there  any 
subsequent  ignitions  due  to  sabot  impact  on  the  already 
damaged  matcrii'l  of  the  type  ob.served  with  the  flat- 
ended  projectilc.s. 

Effect  of  voids 

Void.s  of  diameter  1.5  mm  were  iiuroduced  into 
samples  of  otUol  and  cyclotol  at  various  distant.cs  front 
liic  point  of  projectile  impact.  Since  ihc  mechanism  by 
which  a  void  acts  as  an  ignition  site  is  by  heating  due  U) 
sluK:k  induced  adiabatic  collapse  of  the  void,  it  would 
be  expected  that  the  effectiveness  of  the  void  would 
dvxrcasc  willi  distance  fnwn  the  jHiini  of  impact. 


Figure  10  shows  the  collapse  of  a  void  at  the  casing 
under  the  point  of  impact  of  a  flat-ended  projectile  on  u 
sample  of  cyclotol.  'Fhere  is  a  second,  similar  void  at 
12  mm  from  the  point  of  impact.  The  heating  of  the 
trapped  gas  in  the  first  void  causes  it  to  luminesce,  and 
burning  of  the  surrounding  material  is  apparent  in  frame 
4.  ’Fhe  sccor.d  void  docs  not  undergo  such  .strong 
compression  as  it  is  much  further  away  from  the  point 
of  impact  and  thus  similar  luminescence  does  not  occur. 
Almost  all  of  the  explosive  was  burned  in  this  test,  in 
contrast  to  those  tests  in  which  no  voids  were  pre.scnt 
when  most  of  it  was  recovered,  indicating  that  the  first 
void  w  IS  the  main  source  of  ignition. 

Figure  1 1  shows  the  effect  of  a  flat-ended  projcciilc 
impacting  a  sample  of  ca.scd  <x;toI  with  a  void  3  nim 
from  tnc  point  t»i  impact.  'Fhe  projectile  is  below  the 
surface  of  the  charge  and  cannot  be  .seen,  but  the  shcKik 
wave  causing  the  collapse  i.s  visible  as  a  darkening  of 
the  surface  of  Uie  chai  gc,  and  the  coUap.se  of  the  void  i.s 
complete,  as  indicated  by  the  flash  of  light,  roughly  6 
(IS  after  ilie  shock  wave  reachc.s  it.  Burning  of  the 
.mrrounding  material  i.s  visible  in  the  suh.se(.(iicnt 
frames.  Impact  of  tiie  .sabot,  with  further  associated 
reaction,  is  visible  in  frame  7, 
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FIGIJRIZ 11.  n.AT-ENDHD  PROJFX'TILE  IMPACT  AT  564  m  s  '  OF  A  SlliHl  .-CASED  OCl OL  TARGET 
WITH  A  VOID  3  mm  FR' )M  THE  SITE  OF  IMPACT.  (FRAMING  RA  IT  5  x  10^  fp.s) 


Impacts  with  pointed  and  henusphcricnl-cnded 
projectiles  were  far  less  effective  at  rapidly  collapsing 
voids,  giving  little  or  no  light  output  and  no  ignitions. 

Dl.SC'lIS.SION 

High  •s[X',ed  photografihv  ol  ihe  impact  of  llal-cnded 
projix;lile,s  on  cop[v.r  and  sUvl  target.';  shows  Uiut  at  the 


impact  vckvcitics  .studied,  the  projcctillc  penetrates  by 
.shearing  a  plug  of  nieutl  from  the  target.  A.s.suniing  that 
this  is  ba.sically  an  adiabatic  .shear  pitrcess,  the  fracluie 
energy  will  lead  to  the  edges  of  the  plug  being  hot,  and 
tbis  might  provide;  u  possible  source  of  ignition  as  the 
plug  is  driven  through  the  explosive  composition. 


Calculation  of  the  tcrnjxjratiirc  rise  at  the  edge  of  the 
ping  from  measurement  of  the  energy  lost  by  the 
projectile  suggests  that  very  high  temperaiiines  may  be 
ji.cliievecl.  However,  even  if  quenching  of  this  hot 
legion  by  conduction  of  heat  into  tlie  body  of  the  plug  is 
ignored,  which  may  be  justifiable  on  the  timescales 
involved,  the  temperature  rise  in  any  one  small  region 
ov  'he  explosive  which  comes  into  contact  with  the  edge 
of  the  plug  will  be  limited  by  the  duration  of  that 
contact.  This  duration  is  roughly  determined  by  the 
impact  velocity  and  the  casing  thickness  if  the  filling  is 
assumed  to  be  stationary  as  the  plug  moves  through  it, 
in  these  experiments  it  v'ould  be  ot  the  order  of  4  ps. 

The  high-speed  photographs  of  ignition  in  LX-14 
and  octol  show  that  tne  outbreak  of  reaction  is 
associated  with  the  leauing  edge  of  the  projectile  or 
plug.  However,  there  is  li'.de  difference  between  the 
observed  ignition  mechanisms  for  cased  and  uncased 
explosives,  despite  the  lack  of  a  not  plug  in  the  latter 
case,  which  suggests  that  the  source  of  ignition  is  more 
to  do  with  *Jie  rapid  flow  of  the  material  ahead  of  the 
projectile.  This  should  be  similar  for  the  two  situations, 
though  with  a  bare  charge,  the  projectile  will  be  moving 
faster  llu^ugh  not  having  been  slowed  by  collision  with 
the  casing,  and  the  edges  of  the  leading  face  will  be 
sharper  than  die  slightly  rounded  edge  of  the  sheared 
plug.  Both  of  these  effec.s  will  tend  to  produce  higher 
material  flow  velo<  i  ‘.cs  in  the  bare  charge  than  in  the 
cased  charge  for  any  given  impact  velocity. 

The  threshold  velocuy  for  ignition  of  octol  appeared 
to  be  lower  for  copper  casing  than  for  steel,  despite  ‘he 
higher  thermal  conductivity  of  copper,  wliich  should 
lead  to  a  much  more  rapid  cooling  of  the  edges  of  the 
plug  and  make  it  less  effective  as  a  source  of  ignition, 
’fhis  also  suggests  thai  the  hot  plug  may  not  be  the 
predominant  source  of  ignition  in  these  impacts. 

Changing  the  fiont  end  of  the  projectile  to  a  conical 
.shape  alters  the  nature  of  the  casing  failure,  the  strength 
and  divergence  of  tlie  shock  wave  which  is  transmitted 
to  the  explosive  through  the  casing,  and  reduces  the 
flow  velocity  of  the  material  around  the  projectile  once 
it  has  entered  the  explosive.  The  rapid  adiabatic  shear 
failure  of  the  casing  seen  with  the  fiat-ended  projectile 
is  absent;  in  tlie  case  of  the  copper  casing,  the  projectile 
penetrates  reasonably  intact  by  ductile  failure  of  the 
metal  whereas  with  steel,  the  front  of  the  projectile  is 
flattened  by  the  impact  and  it  i  ;  quite  blunt  when  it 
reaches  the  explosi”  All  these  factors  should  reduce 
the  effectiveness  ol  me  projectile  as  an  ignition  source, 
and  this  was  indeed  found  to  be  the  case,  with  no 
observed  igririons  up  to  610  m  s  '.  Hemispherical- 
ended  projectiles,  which  caused  ductile  failure  in 
copper  lint  shear  failure  in  steel,  also  failed  to  pmduce 
ignitions  even  in  steel  cusings,  again  indicaiing  that  the 
fractured  plug  may  be  less  important  than  the  material 
flow. 

'iliese  observations  are  not  inconsi.stenl  with  the 
calculations  of  Liang  al.-'  who  .showed  that  the 
lempeiatuic  rise  m  an  explosive  due  to  the  .shear  and 
flow  of  material  ahead  of  a  projectile  could  be  expected 
to  produce  local  temperatures  high  enough  to  cause 
ienition. 


CONCLUSIONS 

High-speed  photography  of  projectile  impacLs  on 
cased  and  uncased  charges  has  permitted  direct 
observation  of  the  ignition  sites  within  the  explosive. 
These  observations  suggest  that  the  apid  flow  of 
maicrial  around  the  front  of  the  projectile  may  be  more 
important  as  an  ignition  source  than  the  hot  fracture 
surface  of  the  plug  of  casing  which  is  sheared  out  in  the 
course  of  casing  penetration. 
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